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Abstract
A spreadsheet program was successfully developed which determines the 
engineering requirements for pipeline transport of sediments from dredge sites to wetland 
restorations sites. The program called SLURRY.XLS involves several new correlations. A 
new correlation for determining the critical velocity of particle transport is presented. New 
correlations were statistically developed for determining the drag coefficient of particles. The 
spreadsheet also successfully determines settling velocities of the individual particle sizes in 
any settling regime. The SLURRY.XLS program showed that silt slurries are easier to pump 
than sand slurries.
A second spreadsheet program entitled “CONSOLXLS" uses geotechnical principles 
of consolidation for determining marsh surface elevation with and without hydraulic fill versus 
time. The CONSOLXLS program permits the engineer to determine how thick the hydraulic 
fill needs to be so that the fill does not sink faster than the surrounding marsh. The 
“CONSOLXLS" illustrates that restoration using pipeline-conveyed sediments will require a 
maintenance effort in a subsiding environment
A design manual is presented which outlines the steps engineers should consider in 
planning a wetland creation or restoration project using dredge sediments. The design 
manual contains a checklist for wetland planning including suggestions for site selections. 
The design manual also contains a site visit checklist for subsequent wetland management 
once the hydraulic fill is complete.
xiv
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Chapter 1. Introduction
In recent years, public awareness of wetland deterioration has bolstered federal 
programs and legislation for wetland conservation (Hefner et al., 1994). Since more than half 
of the nation’s population lives near the coast (U.S. Department of Commerce, 1995), large 
scale coastal land loss causes economic, environmental, and social problems. Successful 
wetland restoration can be achieved using scientific, environmental, and engineering 
principles.
Dredging and dredging disposal is also a national problem. Although there has been 
some effort to use dredging disposal for wetland restoration, these are limited to nearby 
disposal sites. Often coastal wetland restoration sites are located many miles from the 
dredging sites. The basic problem exists of transporting sediment from where it is a nuisance 
(i.e., navigated waterways) to where it is beneficial (i.e., coastal restoration sites).
One solution to both dredge disposal and wetland restoration problems is the 
conveyance of sediment through pipelines in a slurry. Pipelines are becoming an 
increasingly effective means of transporting solids over long distances (Aude, 1996). This 
study develops the engineering design requirements for wetland restoration using long 
distance slurry transport of dredged sediments.
1.1 DEFINITIONS
Wetlands are transitional zones between terrestrial landforms (uplands) and deep 
water habitats (Patrick, 1994; Soil Conservation Service, 1992). In general, wetlands are 
dynamic ecosystems having sufficient water saturations to produce hydric soils and 
hydrophylic vegetation (modified from Hefner et al., 1994; Patrick, 1994; Wetland Training 
Institute, Inc., 1995; and Soil Conservation Service, 1992). The legal definition of a wetland 
from Section 404 of the Federal Clean Water Act defines a wetland as follows (Federal 
Register, 1980; Federal Register, 1982; Wetland Training Institute, Inc., 1995):
1
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‘Wetlands are those areas that are inundated or saturated by surface 
or groundwater at a frequency and duration sufficient to support, and that 
under normal circumstances do support, a prevalence of vegetation typically 
adapted for life in saturated soil conditions. Wetlands generally include 
swamps, marshes, bogs, and similar areas.*
From these definitions, the three main components of wetlands soils are 1) evidence 
of water saturation, 2) hydrophilic vegetation, and 3) the presence of organic matter (as a 
result accumulation due to decreased decay rate) (Faulkner, 1995; Patrick, 1996). Cowardin 
et al., (1979) established a system for classifying wetlands and deepwater habitats using a 
hierarchical structure consisting of systems, subsystems, classes, and subclasses. The 5 
major systems of wetland types are marine, estuarine, riverine, lacustrine, and palustrine 
(Cowardin etal., 1979).
Wetland restoration is defined as the rehabilitation of a degraded wetland or a hydric 
soil area that was previously a wetland (Soil Conservation Service, 1992). Wetland 
enhancement is defined as improvement, maintenance, and management of existing wetlands 
for a particular function or value, possibly at the expense of other functions (Soil 
Conservation Service, 1992). Wetland creation is defined as the conversion of a non-wetland 
area into a wetland where a wetland never existed (Soil Conservation Service, 1992).
Slurry transport is defined as the flow of mixtures of solids and liquids in pipes (Wasp 
et al., 1977). This transport of solid particles suspended in a fluid medium is different from 
liquid flow in pipes (Wasp et al., 1977). With liquids, the complete range of velocities (i.e., 
laminar, transition, and turbulent) can be characterized using the physical properties of the 
fluid and the pipe system (Wasp et al., 1977). In slurry transport, the properties of the solid 
particles are superimposed on the liquid properties and the mixture properties (Wasp et al., 
1977).
1.2 GENERAL CHARACTERISTICS OF LOUISIANA WETLANDS LOSS
Louisiana has the nation’s greatest need for wetland restoration technology. Twenty- 
eight percent (28%) of Louisiana's surface area is classified as wetlands totaling 8.8 million
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acres (Hefner et al., 1994). Louisiana’s 2,471,000 acre coastal zone represents 40% of all 
coastal wetlands for the United States (National Geographic Society, 1992) and 
approximately 78% of all the salt marsh lost for the United States (Hefner et al., 1994).
Starting from the coastline and going inland, marshes vary in width from 15 to 50 
miles (Nyman, 1993). Paralleling the coast line and freshwater tributaries are 4 types of 
marshes — fresh, intermediate, brackish, and saline (see Fig. 1.1). The additional 
classification of intermediate marsh appears to be unique to the coasts of the Gulf of Mexico 
(Chabreck, 1972; Hefner et al., 1994; Nyman, 1995). These marsh types are generally 
identified by the plant species in these communities (Gosselink, 1984; Nyman, 1995). Marsh 
plants form a sustainable habitat if nutrients and the correct amount of sediments are 
supplied (Pezeshki et al., 1992; Nyman et al., 1993). Key plant species for each marsh type 




Fig. 1.1. Location of Different Marsh Types for the Deltaic Plain 
(after Nyman, 1993)
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Table 1.1. Typical Plant Species for Various Marsh Types Found in Louisiana
(Nyman, 1995)
Marsh Type Plant Species
Fresh Panicum hemitomon 
Sagitaria landfolia




Louisiana's coastal wetlands is also divided into two main physiographic regions — 1) 
the Deltaic Plain and 2) the Chenier Plain (Bouma, 1972) (see Fig 1.2). Fig. 1.3 plots the 
rate of area loss per year for the Deltaic Plain and the Chenier Plain. The Deltaic Plain is 
current being converted into open water at a rate of about 18 mi2/year which is a reduction 
from the 1960 rate of 28 mi2/year (Gagliano, 1994). The Chenier Plain is being converted to 
open water at a rate of about 5 mi2/yr which is a reduction from the 1960 rate of 14 mi2/yr 
(Gagliano, 1994). Combined current wetland lost for the Louisiana Coast is about 23 mi2/yr 












Fig. 1.2 Physiographic Regions of Southern Louisiana (after Morgan, 1977)
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Fig. 1.3. Aerial Rate Loss by Year for the Deltaic Plain and the Chenier Plain
(after Gagliano, 1994)
The deterioration of coastal marsh in Louisiana is primarily due to the natural 
processes of the deltaic destructional phases (Fisk, 1952; Fisk, 1960; Scruton, 1960; 
Coleman and Gagliano, 1964; Penland et al., 1988) consisting primarily of land subsidence. 
Superimposed on these processes are global and local factors which accelerate coastal 
erosion (Coleman, 1984;). Global factors include sea-level rise as a result of global warming 
due to greenhouse gases (Moffatt and Nichol et al., 1987; Day and Templet, 1989; Peltier 
and Tushingham, 1989; Penland and Ramsey, 1990; Faure et al., 1993; Groger and Plag, 
1993; Hileman, 1995). Local factors include a decrease in sediment load of the Mississippi 
River (Kesel, 1988), man-made levees which prevent the sediments from reaching the 
marshes, hurricanes (Jackson et al., 1993; Swiadek, 1997), waves (including long shore 
currents) (Anderson, 1972; Foote and Kadlec, 1988; Bishop et al., 1992), and canalization 
which permit saltwater intrusion (Davis, 1973). Some authors have suggested that petroleum
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fluids may also contribute to accelerated subsidence (Sharp and Hill, 1995). Current and 
future projections of the Louisiana Deltaic coast are given in Figures 1.4 and 1.5, 
respectively.
20 MILES N
Fig. 1.4. Current Louisiana Deltaic Coast (Suhayda, 1997)
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20 MILES N
Fig. 1.5. Future Louisiana Deltaic Coast for 2090 (Suhayda, 1997)
1.3 GOVERNMENT AGENCIES AND PROGRAMS FOR COASTAL RESTORATION
At present, both state and federal agencies are involved in coastal restoration. The 
state agencies include the Louisiana Department of Wildlife and Fisheries, the Department of 
Natural Resources (DNR), the Governor’s Office of Coastal Activities (GOCA), and the Office 
of Coastal Restoration and Management (van Heerden, 1994). In 1989, the Louisiana 
legislature passed Act 6 establishing and providing funds for a state coastal wetland 
restoration program. Louisiana citizens voted for the Wetland Trust Fund known as the 
Coastal Wetlands Conservation and Restoration Fund.
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The federal program is Coastal Wetlands Planning, Protection, and Restoration Act 
(CWPPRA) (A White Paper, 1995). CWPPRA is also known as the Breaux-Johnston Act and 
was authorized under Public Law 101-646, adopted November 29, 1990 (Broussard, 1997). 
The bill provides the State of Louisiana with up to $35 million per year over a 5-year period 
for the development screening, engineering and design, construction and contract 
administration, and monitoring of projects which may be significant in the prevention of loss 
and restoration of Louisiana’s coastal wetlands (Broussard, 1997). CWPPRA is a partnership 
between the state of Louisiana and 5 federal agencies: U. S. Army Corps of Engineers, U. S. 
Departments of Agriculture, Commerce, and the Interior, and U. S. Environmental Protection 
Agency (van Heerden et al., 1995). Under CWPPRA, the state pays 25 percent of the cost of 
any projects funded under that act (Anderson, 1996; Broussard, 1997). Money from the state 
comes from the Coastal Wetlands Trust Fund (Anderson, 1996) which currently receives 
approximately $5 million annually fircm oil and gas revenues.
Combating coastal wetland lost can involve both defensive and offensive strategies 
(Gagliano, 1994; van Heerden, 1994; van Heerden et al., 1995). Defensive strategies 
attempt to prevent further loss and maintain fresh and brackish marshes (see Fig 1.6). 
Defensive strategies have been the main focus of efforts to combat coastal wetland loss. 
Defensive strategies include using submerged structures to keep out saltwater intrusion 
(Boumans and Day, 1990), sediment trapping devices such as submerged Christmas trees, 
etc. Offensive strategies attempt to build and restore coastal marshes. The most ambitious 
offensive strategies are ffesh-water diversions such as the recently completed $28 million 
Caernarvon channel (Gagliano, 1994; Suhayda et al., 1991). Whether one uses offensive or 
defensive strategies, mineral sediments are still needed to maintain and restore coastal 
wetlands (Penland et al., 1990; Nyman et al., 1993).
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Fig. 1.6. Defensive Strategies for the Louisiana Coastal Wetlands 
(after Gagliano, 1994)
1.4 SEDIMENT REQUIREMENTS IN COASTAL WETLANDS
Sediment requirements for a coastal area are determined by three factors -  vertical 
accretion, subsidence and compaction, and sea level rise (see Fig. 1.7). The total amount of 
sediment required for a coastal marsh is simply the summation of all three of these variables. 
In order for marshes to remain at a proper intertidal elevation, they must vertically accrete as 
rapidly as they are sinking and sea level is rising (Coleman, 1984). Sediment needs can be 
further subdivided into restoration needs and maintenance needs. As will be shown later, the 
amount of sediment needed to restore coastal marshes greatly exceed (700 times larger) the 
amount needed to maintain coastal marshes.





Fig. 1.7. Effects of Compaction, Subsidence, Vertical Accretion, 





Estimates have been made on the amount of sediment needed for coastal restoration 
(DeLaune et al., 1991; DeLaune, et. al, 1992). To maintain the currently existing coastal 
wetlands requires about 10 cubic meters of sediment per hectare per year (Suhayda et al., 
1991). To restore open water marshes to an emergent, vegetated wetland requires about 
7000 cubic meters of sediments per hectare (Suhayda et al., 1991). By comparison, restoring 
wetlands requires 700 times more sediment than is needed to maintain a currently existing 
coast wetland (Suhayda et al., 1991). Thus in order to maintain the 2.5 million acres of 
existing coastal wetlands and to annually restore 25,000 acres will require a total of about 80 
million cubic meters of sediment per year (Suhayda et al., 1991). This is the approximate 
amount of sediment which is dredged each year in the Louisiana Gulf Coast waterways 
according to the New Orleans District of the U. S. Army Corps of Engineers (Suhayda et al., 
1991). Thus the amount of mineral sediment needed to maintain and restore coastal 
wetlands in the Louisiana Gulf Coast could possibly be obtained from dredged materials. 
(Suhayda et al., 1991).
1.5 OBJECTIVE
In order to take advantage of the opportunity to use dredge sediments for building 
wetlands on a large scale, engineers need reliable design procedures and guidelines to plan 
and implement conveyance projects. Design tools and guidelines are particularly needed by
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engineers to enable them to make reliable decisions for creating and restoring wetlands using 
slurry transport
The primary objective of this research is to create the critical design tools that 
engineers will need to plan wetland restoration projects using slurry transport The design 
tools developed include a program that determines the energy requirements for sediment 
slurry transport a program that determines the settlement and compaction of newly placed 
sediments, and a manual containing step by step design guidelines and recommendations.
1.6 IMPORTANCE OF THIS STUDY
This research is extremely important because it offers a feasible solution for wetland 
restoration in areas which are remote or normally inaccessible to sediments. Such areas 
include barrier islands, coastal marshes, and various interior “hot spots." Sediment delivery 
using slurry transport is much faster and more effective than conventional open channel 
conveyance systems because concentrated slurries can be delivered to pinpoint areas where 
restoration is most critical.
Barrier island preservation is particularly critical for protection of coastal marshes 
from littoral ocean currents, storms, and hurricanes. At present, many of these islands are 
separated from the old delta lobe shoreline, and no longer have a replenishing source of 
sediment for continued growth (Roberts, 1996; Penland et al., 1988).
Another important aspect of this research is the demonstration of alternative 
techniques other than fresh water diversion for coastal restoration. Presently, fresh water 
diversion from the Mississippi River is a successful technique for coastal restoration to those 
areas which are close to the diversion channels. But fresh water diversions are too slow in 
building marshes, contain too much water (causing flooding problems), and cannot guarantee 
restoration of any specific site. On the otherhand, slurry transport quickly build marshes, 
contain minimal water, and can restore specific sites even in remote locations.
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1.7 COMPARISON OF PIPELINE CONVEYANCE TO CHANNEL DIVERSIONS
Pipeline-transported sediments can be pumped at concentrations between 1,000 to 
60,000 times higher than open channel conveyance. For example, the Caernarvon structure 
is designed to divert fresh water from the Mississippi River for specified periods of time into 
adjacent brackish wetland areas (Suhayda et al., 1991). When in operation, discharge rate is 
estimated to be 170 m3/sec at an average velocity of 60 cm/s (Suhayda et al., 1991). The 
sediment transport is at concentrations of about 150 mg/l (0.015% solids) and rates of about 
25 kg/s (Suhayda et al., 1991).
By comparison, hydraulic dredges often transport sediments at concentrations of 
about 150,000 mg/l and rates of 700 kg/s. This represents nearly 30 times the sediment 
transport rate of the Caernarvon diversion, and 100 times less water (Suhayda et al., 1991). 
Sediment concentration in pipeline transported slurries can be even higher (up to 60% solids) 
which means that the sediment transport rate for a single pipeline can be 120 times that of 
the Caernarvon diversion. The water discharge rates for pipelines are much smaller than for 
diversion channels. With a diameter of 61 centimeters (24 inches) and an average pump 
discharge velocity of 6 m/s, only 2 m3/s of slurry is pumped which is 1% of the Caernarvon 
discharge. A single 24” pipeline slurry can provide as much sediment at the Caernarvon 
project.
Another important comparison between slurry transport and diversion channels is the 
amount of time needed to create new marsh. For the Caernarvon project, a small area of new 
marsh has finally appeared after 6 years of operation (Ethridge, 1997). Pipeline transport of 
sediment slurries has created new marshlands near dredge disposals at the Head of Passes 
in the Mississippi River in a matter of weeks (Armstrong, 1997).
Pipelines permit the ability for pinpoint restoration techniques to certain interior marsh 
"hot spots” undergoing accelerated submergence (Suhayda et al., 1991). These deteriorating 
“hot spots” can be located in the interior marsh which are either hard to reach using river
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diversions or at relatively great distances from the sediment source. Some of these areas are 
more than 60 miles from either the Mississippi or the Atchafalaya River.
Pipelines offer the huge advantage of transporting sediments in either aerobic or 
anaerobic conditions. Toxic trace elements that become mobile in aerobic environments can 
be safely transported using pipeline slurries. An example of this situation is cadmium in the red 
mud waste of aluminum manufacturing. Cadmium becomes mobile in aerobic environments. 
When the red mud is exposed to oxygen in the atmosphere, the cadmium becomes mobile and 
presents a biological hazard. To prevent this situation, red mud is carefully stored in reducing 
environments under flooded conditions. Transporting the red mud from these flooded plant 
disposal sites to coastal sites presents a problem of oxidizing the red mud and mobilizing the 
cadmium. Pipeline slurry transport can easily and safely solve this problem by keeping the red 
mud in an anaerobic environment
Pipelines have another huge advantage in that they do not have any problems 
associated with canalization. There is no future danger of saltwater wedge traveling up the 
pipeline during the fall season. Sediment transport is completely contained within the pipeline. 
Thus environmental impacts using slurry transport are minimized. When abandoned, the 
pipeline can be easily closed at both the terminal ends.
Pipelines also offer the unique advantage of delivering sediment at a high sediment to 
water ratio. Unlike river diversion projects which are often accompanied by flooding problems, 
pipelines can deliver the needed sediment with minimum problems of flooding. Recently, 
Bayou Lafourche residents have expressed concern about flooding from a proposed siphon 
project for the Mississippi River at the beginning of Bayou Lafourche in Donaldsonville, 
Louisiana (Wright, 1996). Pipelines can be used in combination with this project and other 
diversion projects to prevent flooding of homes and permit freshwater flow to coastal wetlands.
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Chapter 2. Literature Review
This literature review first covers solids transport in fluids. Next, a history of dredging 
mandates is presented which explains how the various federal agencies became involved in 
dredging operations. Lastly, a brief history of pipeline sediment transport is discussed.
2.1 ENERGY LOSS OF FLUID FLOW IN PIPES
A flowing fluid contains both potential and kinetic energy. Energy is lost from the 
flowing fluid due to friction at the wall of the container. The difference in total energy between 
two points results in a pressure gradient, Ap/L. For pipelines, the pressure gradient is usually 
expressed as a pressure difference relative to a horizontal datum between the two points in 
units of lbs/ft2 per unit length. In pipeline design, expected frictional and potential energy 
losses are essential for determining pump sizes.
The relationship between friction loss and velocity for flow in a pipe depends on the 
flow regime. When the velocity in a pipeline is below a certain critical value, the flow in the 
pipe is found to be laminar. When the velocity in a pipeline, is above a certain critical value, 
the flow is found to be turbulent.
Reynolds (1838) used dimensional analysis to conclude that the transition from 
laminar to turbulent flow occurred at a fixed value of a dimensionless group called the 
Reynolds number named in his honor and given as follows:
„  PVDRe =  ——  Eq. (2.1)
where p = the density of the fluid
V = the average velocity of flow 
p = the absolute viscosity 
D = the pipe diameter
14
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The Reynolds number is a ratio of the inertial forces acting upon a fluid to the viscous forces 
acting upon the element
The head loss in pipe flow can also be expressed in the dimensionless form of a 
friction factor according to the equation:
f = friction factor 
L = length of the pipe 
D = diameter of the pipe 
V = average velocity of the pipe flow 
g = acceleration due to gravity
Eq. (2.1) is the Darcy-Weisbach equation named after Henry Darcy, a French engineer of the 
nineteenth century and Julius Weisbach, a German engineer and scientist of the same era 
(Roberson and Crowe, 1975). The friction factor is the ratio of frictional forces to inertial 
forces (Wasp et al., 1977). Determination of the friction factor is dependent upon the 
Reynolds number. At low Reynolds numbers (laminar flow regime) the f-Re relationship is 
steep and linear (see Fig. 2.1) and can be defined by the equation:
In the turbulent flow regimes, the f-Re relationship is flatter. An equation proposed by 
Blasius (1913) may be used for Reynolds number up to 100,000 for smooth pipes.
Eq. (2.2)
where hf = head loss
/ =  0.316 Re-025 Eq. (2.4)







Fig. 2.1. Various Flow Regimes for Smooth Pipe 
(after Wasp et al., 1977)
However, the inside wall of a pipe is not normally smooth. In the turbulent flow 
regime, the pipe wall roughness can have a definite effect on the friction factor. Nikuradse 
(1933) conducted experiments on pipe roughness by gluing sand (0.1 to 1.6 mm in diameter) 
to the pipe walls. In turbulent flow, the effect of wall roughness has been found to be
dependent on the relative roughness,•(f) (see Fig. 2.2). The relative roughness has been
published for various materials and manufacturing processes (Moody, 1944) and for various 
flowing environments (Cullender and Smith, 1956). Colebrook, 1939 proposed the following 
empirical formula for the friction factor - Reynolds number relationship for turbulent flow.
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Fig. 2.2. Reynolds Number vs. Friction Factor for Various Pipe Roughness 
(modified after Moody, 1944)
Typical velocity profiles for laminar and turbulent flow in a circular pipe is given in 
Fig. 2.3. For turbulent flow, the velocity profile in the center of the pipe is more uniform than 
for laminar flow. Also, the difference between the mean velocity and maximum velocity is 
lower for turbulent flow than for laminar flow. These are important concepts since slurry 
transport is in the turbulent regime.





Fig. 2.3. Velocity Profile for Laminar and Turbulent Flow 
(after Wasp et al., 1977)
Somewhat analogous to the friction factor - Reynolds number relationship for fluids is 
the drag coefficient - particle Reynolds number relationship for particles settling through a 
fluid medium (see Fig. 2.4). The particle Reynolds number uses the diameter of the particle 
rather than the inside diameter of the pipe and the particle settling velocity rather than the 
velocity of flow through a pipe. The particle settling velocity is determined by the particle 
Reynolds number. The iterative procedure of determining particle settling velocity from 
particle Reynolds number is discussed in detail in section 4.4.3 of this report
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Fig. 2.4. Drag Coefficient versus Particle Reynolds Number 
for Spherical Particles (after Wasp et al., 1977)
2.2 ENERGY REQUIREMENTS FOR PARTICLE MOVEMENT
Bagnold (1966) studied the energy and power requirement for solid particle 
movement in fluids for 298 natural and experimental systems. Bagnold (1966) defined the 
forces necessary to disperse solids particles upward in a fluid. Bagnold (1966) defines a 
dimensionless bed shear stress, 8 , using the following equation:
0  =  7------------  \  "7 Eq. (2.6)
KPt-PiW
where r = bed shear stress
ps = density of the solids 
Pi = density of the fluid 
g = acceleration due to gravity 
d = particle diameter
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Using the dimensionless bed stress, 0, Bagnold (1966) was able to mathematically describe 
several physical stages of solid particle movement in a flowing fluid based on particle size 
(see Fig. 2.5). The stages are , in order of increasing velocity: bedforms, saltation, bedload, 
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Fig. 2.5. Particle Size vs. Bed Shear Stress (after Bagnold, 1966)
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In Fig. 2.5, curve (1) determines the threshold for bed movement Bagnold (1966) uses the 
term “bedforms" to denote dunes. Curve (2) is the threshold boundary for particle 
suspension. Curve (3) defines a suspension criteha for quartz-density grains in water using 
the following formula:
Curve (4) is the boundary for full development Curve (5) defines the value of the critical 
bedload stage, 0X, which is the value of 0 at which bed features disappear or cease to create 
appreciable drag.
Other authors (Wasp et al., 1977; Chien, 1994) choose to define the various stages 
of particle solid movement by plotting flow velocity versus pressure drop as in Fig. 2.6. 
Conceptual drawings of the different stages of particle movement (a) through (e) in Fig. 2.6 is 
illustrated in Fig 2.7 (a) through (e), respectively.
Eq. (2.7)
where V = velocity of flow
g = acceleration due to gravity






Fig. 2.6. Typical Flow Velocity versus Pressure Gradient 
(after Chien, 1994)
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Fig. 2.7. Different Stages of Solid Particle Movement in Fluids (after Chien, 1994)
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Fig. 2.7 (a) starts with all solid particles being completely suspended in the mixture. 
Fig. 2.7 (a) corresponds to the (a) region in Fig. 2.6. At this stage, there is no particle 
concentration gradient going from the top to the bottom of the pipe. The mixture is completely 
homogeneous (Wasp et at., 1977) and symmetrical (Chien, 1994).
As the flow rate decreases, some of the particles may start to concentrate toward the 
bottom of the pipe Fig. 2. 7(b) and form a moving ‘carpet” or bedload of solids (Bagnold, 
1966). Chien, 1994 refers to this stage as asymmetric suspension because the concentration 
of solids is higher towards the bottom of the pipe. In this stage, a higher concentration of 
solids move along the bottom on the pipe and there is no evidence of dunes. The higher 
concentration of solids is referred to as the bedload and Bagnold (1966) refers to this stage 
as “fully developed bedload."
At still lower velocities Fig. 2.7(c), solid particles start saltating over the “carpet” layer 
to form moving dunes. Bagnold refers to this stage as the “bedform” stage. At lower 
velocities Fig. 2.7(d), stationary dunes start to form. These dunes increase in height Fig. 
2.7(e) with decreasing velocity until the pipe is essentially choked with solids.
Determination of critical velocity (area (c) in Fig. 2.6 and 2.7) is the subject of a 
plethora of research. Presently there are over 700 papers on this subject (Wasp et al., 1997). 
Recently, the petroleum industry is also interested in this subject to determine the velocity of 
formation fines that will not erode or block pipeline flow for oil and gas (Chien, 1994).
2.3 VISCOSITY
The addition of solid particles to a fluid influences the mixture’s viscosity. The 
presence of particles invariably increases the mixture’s viscosity and in many cases results in 
a mixture which is non-Newtonian (Wasp et al., 1977).
In a Newtonian fluid, a plot of the shear stress versus shear strain is linear and 
passes through the origin. Newtonian fluids are plotted as curve (1) in Fig. 2.8. The slope of 
the line is equal to the viscosity and is defined by the equation:
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r
M =  — 
Y
Eq- (2.8)
where x = shear stress
y = slope of the line or curve ( I )
In Fig. 2.8, cun/e (2) is a typical response of a Bingham Plastic fluid. A Bingham 
Plastic fluid is characterized by a flow curve which is a straight line having an intercept, to , 
on the shear stress axis. The yield stress, x0 , is the stress which must be exceeded to initiate 
flow. The flow behavior is described by the following equation:
Curve (3) of Fig. 2.8, show a typical Power Law fluid model. Power Law fluids do not 
exhibit a yield stress and have a flow curve whose slope decreases with increasing rate of 
shearing strain until at high shear rates, a limiting slope is reached. The rheology of the 
Power Law model is described by the following equations:
where K and n are constants for the particular fluid. The constant K is called the 
“consistency," and the higher the value of K, the more viscous the fluid. For n = 1.0, the 
Power Law equation reduces to the Newtonian definition and K corresponds to the Newtonian 
viscosity. The constant n, is called the flow index, and is a measure of the degree of 
departure from Newtonian behavior. The further n departs from unity, the more pronounced 
the non-Newtonian properties (Wasp et al., 1977).
where
r  =  r 0 + n ( r )
T0 = yield stress ( r 0 >  0 )
Eq. (2.9)
n = Bingham plastic viscosity (also known as the coefficient of rigidity)
y = rate of shear
Eq. (2.10)
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Rate of Shear (r)
Fig. 2.8. Shear Rate versus Shear Stress for Newtonian 
and Non-Newtonian Fluids 
(after Wasp et al., 1977)
The viscosity of dilute concentrations of solids (less than 1% solids by volume) was
proposed by Einstein (1905) to be represented by the following equation:
(for <D < 1%) t j2 .=  \ +  25<$> Eq. (2.11)
Mo
where pm = viscosity of the mixture of solids and fluid
Mo = viscosity of the pure fluid (suspending medium) 
cp = volume concentration of solids 
The viscosity of more concentrated suspensions must account for the various type of 
particle interactions. Many analysis use the Taylor series expansion as shown by the 
following equation:
= 1 -f AT,<D +  AT2<t>2 +  ATjd)3 Eq. (2.12)
Mo
The value of Kn is generally assumed to be 2.5, the value determined by Einstein (1905). The 
value of K2 was determined by Guth and Simha, 1936 to be 14.1. The value of K3 is not
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
26
readily calculable. If the third term is ignored, Eq. (2.12) is limited to concentrations only up 
to 20%.
Thomas (1962) suggesting the following equation for slurry viscosity;
=  1 +  2 .50  + 10.0502 +  Ae(m) Eq. (2.13)
Mo
2.4 HOMOGENEOUS FLOW
At high turbulent fluid velocities, the solid particles are in suspension and flowing in a 
homogeneous or symmetric suspension (Chien, 1994). In a technical sense, a homogeneous 
slurry is one which does not exhibit a measurable concentration gradient of solids along the 
vertical axis of the pipe (Wasp et al., 1977). In a practical sense, a homogenous slurry is one 
in which the inertial effect of the suspended particles is relatively minor, that is, the 
suspended particles have little or no effect on the velocity distribution (Wasp et al., 1977).
The C/CA criteria is used to determine the concentration of solids in the slurry. C is 
the volume concentration at a given level y. Ca is the concentration at some arbitrary 
reference plane at height a. Wasp et al., (1977) concluded that a C/CA value of 0.8 or greater 
will be considered as homogeneous. Wasp et al., (1977) mathematically showed that the 
C/CA criteria can be obtained for homogenous flow using the following formula;






where C = the volume concentration at a given level h
CA = the concentration at some arbitrary reference plane at height ha
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Z  is defined by the following equation:
Z  = Eq. (2.15)
(5ku
where w = settling velocity
P = 1 (P is the constant of proportionality between the mass transfer
coefficient for the particles and the eddy viscosity)
k = 0.4, von Karmen constant
u = friction velocity
The friction velocity, u , is a parameter which is determined from the following formula:
The friction velocity is directly proportional to the velocity fluctuation in the vertical direction 
and is significant in regard to the capacity of a given flow to maintain particles (Wasp et al. 
1977).
Prediction of friction losses in homogeneous flow can be determined using either the 
Bingham Plastic fluid model or the Power Law fluid model. The Bingham model is chosen 
over the Power Law model for the following reasons.
The Bingham model gives a family of curves for the laminar regime and a single 
correlation in the turbulent regime (see Fig. 2.9). On the otherhand, the Power Law model 
gives a single correlation in the laminar regime and a family of curves in the turbulent regime 
(see Fig. 2.10). Since slurry transport occurs in the turbulent regime, the single correlation of 
the Bingham model is simpler than the multiple correlation of the Power Law model.
Eq. (2.16)
where V = velocity of flow
f = friction factor.
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Fig. 2.9. Reynolds Number Diagram for Bingham Plastics Model 
(after Wasp et al., 1977)
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Fig. 2.10. Friction Factor Design Chart for Power Law Models 
(after Wasp et al., 1977)
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Although the Power Law possess advantages in the laminar flow regime, in the 
turbulent flow regime, the Power Law model becomes much more difficult Furthermore, the 
relationship between friction factor and Reynolds number for the Power Law model has not 
been fully developed leaving the engineer to extrapolated curves (Wasp et al. 1977).
The Power Law uses rheological variables n and K  which are difficult to comprehend 
compared to the Bingham Plastic variables of coefficient of rigidity and yield stress. The units 
of K vary with the exponent n. For example, for a fluid with n = 0.7, K would have units of
f  lb •sec07') ( lb ■ sec04 ̂  .
 r  , and if n = 0.4, K would have units of  z  . On the otherhand, the
I  f t 2 J I  f t 2 J
Bingham Plastic model variables of viscosity and stress which are familiar to the engineer.
The method for predicting friction losses for turbulent flow of homogeneous 
suspensions in a horizontal pipe uses the familiar friction loss computation:
(hf \  4f V 2
- f  = T 7 T  Eq(2.ir)\  L J  2g D
2.5 HETEROGENEOUS FLOW
In a heterogeneous suspension, there is an appreciable difference in solids 
concentration along the vertical cross-section of the pipe. Towards the upper section of the 
pipe, there is a vehicle area where viscous forces predominate. At the bottom of the pipe, 
there is a bedload area where particle inertial forces predominate. There is also a region 
where both viscous and particle forces are significant.
Fig. 2.6 show a typical pressure gradient and velocity relationship for a slurry mixture. 
At higher velocities, Fig. 2.6 region (a), the curve tends towards a position parallel to a simple 
fluid response. This implies that at higher velocities, the mixture becomes more 
homogeneous. As velocity is reduced from region (a), the concentration increases toward the 
bottom of the pipe until at region (c ), a layer of stationary or sliding particles is deposited in 
the pipe. The velocity at which this occurs is called the deposition velocity. At the deposition
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velocity, the tendency of the particles to settle under gravitational forces just exceeds the 
turbulent forces tending to maintain the particles in suspension.
For heterogeneous flow, the C/CA criteria is 0.1 or less (Wasp et al. 1977). For 
heterogeneous flow, the C/CA criteria can be obtained from the following formula (Wasp et al., 
1977):
C  z
(Heterogeneous) ------=  —1.8 x [10] Eq. (2.18)
Z was previously defined by Eq. (2.15) and depends on the settling velocity, the constant of 
proportionality (P), the von Karmen constant (k), and the friction velocity (u).
The method for predicting friction losses for turbulent flow of homogeneous 
suspensions in a horizontal pipe uses the following friction loss computation (Wasp et al., 
1977):
b̂ed = volume concentration for the bedload
g = acceleration due to gravity
D = diameter of the pipe
ps = density of the solids (g/cc)
pi = density of the liquid (water =1 g/cc)
V = operational velocity 
C0 = the drag coefficient
Eq. (2.19)
where &Pwater -  pressure drop for water
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2.6 DREDGING MANDATES
In 1824, the U.S. Congress mandated that The U.S. Army Corps of Engineers 
(USACE) would maintain the navigation depth for commercial and public transport of U.S. 
waterways (Lee and Jones, 1984; Heverin and Rohn, 1984). This responsibility includes 
regulating dredge and fill activities to maintain, improve, and extend navigable waters in the 
United States (Kraus, 1991; Myers et al., 1996). Dredging activities in the United States 
disposes 191 to 229 million cubic meters of sediment annually (Myers et al., 1996) at an 
annual cost of $500 million to $600 million (Lansey and Menon, 1993). Unlike European 
dredging which utilizes almost all dredging sediments for beneficial use (Landin, 1996), 
United States dredging disposes about 115 to 153 million cubic meters back into the water 
(Myers etal., 1996).
In the late 1960’s and early 1970’s, U.S. waterway sediments were found to be highly 
contaminated with a wide variety of chemicals that, if released, could have adverse effects 
(Lee and Jones, 1984). At the federal level, FWQA (the predecessor to the U.S. 
Environmental Protection Agency) developed the so called “Jensen criteria" (Lee and Jones, 
1984). The Jensen criteria specified the total concentrations of a few indicators or 
contaminants, such as COD, volatile solids, zinc, etc., which, if exceeded, indicated that the 
sediments were unsuitable for open water disposal and would have to be disposed of by 
alternate methods (Lee and Jones, 1984). The Jensen criteria had a pronounced impact on 
the USACE dredging operations (Lee and Jones, 1984).
The Federal Water Pollution Control Act (33 U.S. Code Sec. 1251 et seq.), which 
later became the Clean Water Act, was passed in 1972 to protect surface waters, including 
wetlands, of the United States from pollution (Walker and Crumbley, 1995). The objective 
was to eliminate and/or control the amount of foreign materials entering these waters (Waiker 
and Crumbly, 1995). The Act divided point sources of dredge pollution into two general 
classes — 1) the standard industrial and commercial discharges, and 2 ) discharges 
associated with dredging (i.e. waterway maintenance, watercourse changes, navigation, and
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harbor improvements) (Walker and Crumbly, 1995). The first class of pollutants would be 
administered under the U.S. Environmental Protection Agency under strict technology-based 
controls (Walker and Crumbly, 1995). The second class of pollution associated with dredging 
would be the responsibility of the U.S. Army Corps of Engineers (Walker and Crumbly, 1995). 
This second class of pollution was less stringent and more flexible than the technology-based 
requirements of mandatory effluent reductions (Walker and Crumbly, 1995). Although the 
primary responsibility for dredging pollution was given to the U.S. Army Corps of Engineers, 
the Clean Water Act did contain language that permitted the EPA under certain 
circumstances, to veto the granting of a permit that allows the destruction of wetlands (Walker 
and Crumbly, 1995). The commingling of responsibility between these two federal agencies 
under section 404 of the Clean Water Act is unclear as to which agency has the ‘real 
authority* for granting permits (Walker and Crumbly, 1995). Thus although the U.S. Army 
Corps of Engineers is presumed to have major administrative responsibility, the U.S. 
Environmental Protection Agency (U.S. EPA) through its veto power to the permit system has 
become the dominant agency since 1980 (Walker and Crumbly, 1995).
As a result of the Clean Water Act, sediments that were for many years dredged and 
disposed of in nearby open waters were judged by the Jensen criteria to be contaminated, 
and alternate methods of disposal had to be undertaken (Lee and Jones, 1984). In the Great 
Lakes region, there was considerable concern about open water dredge disposal. The 
federal Congress granted U.S. Army Corps Engineers (USACE) $250 million for the 
construction of confined disposal program. The U.S. EPA Great Lakes National Program 
Office (GLNPO) also conducted water quality contamination research under the Assessment 
and Remediation of Contaminated Sediments (ARCS) Program for the Great Lakes Areas of 
Concern (AOCs) (Myers et al., 1996). Because many of the USACE districts faced significant 
increases in the cost of dredging operations associated with the Jensen criteria, the federal 
Congress authorized the USACE Waterways Experiment Station in Vicksburg, Mississippi to 
conduct a $30 million, five-year Dredged Material Research Program (DMRP). The DMRP
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program was conducted from 1973 to 1978 to study the environmental effects of dredged 
material disposal (Myers et al., 1996; Saucier et al., 1978).
In 1988, the USACE established the Dredging Research Program (DRP) as a 7 year 
intertaboratory research effort to develop technologies to reduce dredging costs (Kraus, 
1991). After the DMRP effort, research and technology transfer programs, such as the Long- 
Term Effects of Dredging Operations (LEDO) and Dredging Operations Technical Support 
(DOTS) programs were implemented by the USACE at WES (Myers et al., 1996). LEDO 
focuses on the environmental effects of dredging operations, and DOTS is a direct field 
assistance and technology transfer vehicle to assist USACE Districts (Myers et al., 1996).
2.7 BENEFICIAL USE OF DREDGED SEDIMENT
Placing dredged material in areas that benefit the environment is referred to as 
“beneficial uses.” (Wilson et al., 1996). The “beneficial use’ concept of dredge sediment 
disposal has been welcomed by agricultural, industrial,. and environmental professionals 
(Wilson et al., 1996). Farmers have used dredged sediments for successful crop and pasture 
land (Wilson et al., 1996). Urban managers, land use planners, and engineers use dredge 
sediments to create recreational parks, expansion of ports, airport construction, and other 
infrastructure foundations (Landin, 1996). Conservationists use dredged sediments for the 
restoration, improvement of a degraded or lost habitats and even the creation of new habitats 
(Landin, 1996; Patrick et al., 1984). Constructing wetlands using dredged sediments can 
even be designed for specific plants and animals, including critical habitats for endangered 
species (Wilson et al., 1996). Approximately 2500 acreas of intertidal wetlands has been 
created near the Head of Passes on the Mississippi River using dredged sediments 
(Broussard, 1997). The different types of dredge disposal placements are listed in Appendix 
A along with a comprehensive list of the different types of dredges and dredging operations.
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2.7.1 Historical Aspect of Using Dredged Material for Beneficial Use
Historically, dredged sediments have been beneficially used for over 2500 years in 
Europe and Asia, and in the past 250 years on the coasts, rivers, and lakes in North America 
(Landin, 1996). In more modem times, the Dutch, French, Italians, British, Australians, 
Chinese, Japanese, Turks, Greeks, citizens of Hong Kong, and other nations use virtually all 
of their dredged sediments beneficially (Landin, 1996). These countries and other major 
dredging nations belong to the Permanent International Association of Navigation 
Congresses (PIANC) (Landin, 1996).
In North America, river dredging began in the Atlantic and Gulf coasts before the War 
for American Independence using horse-pulled equipment (Landin, 1996). Before 1900, 
Americans sometimes used dredged sediments for industrial expansion such as raising bank 
elevations or port expansions (Landin, 1996).
Dredged sediments are now viewed as a beneficial resource for the creation, 
restoration, and enhancement of natural and recreational sites such as wetlands and wildlife 
habitats (Landin, 1996). The U.S. Corps of Engineers now routinely evaluates the beneficial 
use of dredged material in their project dredge programs (Landin, 1996). Tables 2.1, 2.2, and 
2.3 lists the beneficial use of dredge materials program for the Atlantic coast and the 
Northcentral United States, the Southeastern United States, and the Pacific west coast, 
respectively.
Designing a successful wetlands restoration project is referred to as “Wetlands 
Engineering" and requires a thorough understanding of wetland functions and processes 
combined with various engineering and political factors (Collier, 1984). The U.S. Army Corps 
of Engineers (USACE) as a part of the Wetlands Research Program (WRP) is currently 
developing a Wetland Engineering Handbook which will provide design and construction 
guidance on the engineering aspects of wetlands restoration (Palermo, 1995).
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Table 2.1. Beneficial Use of Dredged Materials 















































































































Detroit Res. & 
stab.
4600 1976 1983 High $9.43
Great
Lakes
N. Central Develop 100 1950 Mixed mixed $1.00
Weaver
Bottoms
SL Paul Fresh Restore 5000 1988 Mixed
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Table 2.2. Beneficial Use of Dredged Materials 
for Southeastern United States 
(after Landin, 1996)
Short Long
Marsh Size Date Date Term Term
Name District Type Goal (acres) Began Ended Success Success Costs
Bolivar Galveston Salt Create 10 1960 1980 Good OK $1.00
Peninsula
West Bay Galveston Saline Stabilize 20 1992 $1.00
Aransas Galveston Saline Stabilize 110 1993 Mod $1.00
Texas City Galveston Unknown Create 5 1978 1979 Good Mod $1.25
Hillsborough Jacksonville Fresh CDF island 300 1978 1979 Good $11.2
Bay 5
S t Johns Jacksonville intertidal Create 300 1980 V. High
River
645 Gulf L. Miss. Valley Saline Create 500 1930 1950 V. high $1.00
Coast
Tennessee- Mob/Nashville Fresh Restore 1400 1980 V. High
Tombigbee
Apalachicola Mobile Salt Create 10 1975 1976 High Mod $1.25
Bay
Gaillard Mobile Disposal CDF island 1300 1980 1981 V. High $1.25
Island
Coffee Island Mobile Post­ Create 5 1985 Mixed $1.25
dredge
Mobile Thin Mobile Saline Pilot 10 1988 Good S1.00
Layer
Mobile Mobile Saline Construct 80 1987 1988 Good $2.00
Underwater
Berm
Southwest New Orleans Intertidal Restore 0 1974 V. good $2.50
Pass
Atchafalaya New Orleans Fresh Nourish 10 1970 1989 Good $2.00
River
MRGO New Orleans SaGne Restore 100 1980 V.Good $2.00
Fina la Terre New Orleans Brackish Restore 300 1980 Mixed
Queen Bess New Orleans SaGne Create 8 1980 Good
island
Wine Island New Orleans SaGne Restore 21 1991
Barrier Isl.
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Table 2.3. Beneficial Use of Dredged Materials 














Mission Bay Los Angeles Saline Restore 200 1980 Good
76 Pacific 
Cost



































Sacramento Fr. & 
brack.
Restore 35 1983 Good SI .50
Salt Pond #3 San Francisco 
Muzzi Marsh San Francisco 





































Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
38
In addition to the proposed design manuals, a computer software package entitled 
WETER has been developed by the U.S. Army Corps of Engineers Waterways Experiment 
Station to assist the wetlands engineer (Palermo, 1995; Fischenich, 1997). WETER is an 
acronym for Wetland Evaluation Techniques for Environmental Restoration (Breeding and 
Miller, 1995). WETER is a decision support program which will include modules on planning, 
design, management, and monitoring (Breeding and Miller, 1995). Another excellent design 
guideline is Chapter 13 of the Soil Conservation Service National Engineering Field 
Handbook (Soil Conservation Service, 1992). Recently, the U.S. Environmental Protection 
Agency has issued an excellent document summarizing pollution associated with dredging 
operations (Myers et al., 1996).
Wetland engineering considers different placement options for the dredge sediments. 
Direct disposal of dredge sediments onto the marsh surface is initially recommended if the fill 
area is too soft to construct a confined disposal facility (Kyzer, 1984). Direct disposal onto 
the marsh surface without a confined disposal facility has created thousands of acres of 
stable marshland adjacent to the Head of Passes area in the Mississippi River (Armstrong, 
1997; Louisiana Oil Spill Coordinator, 1996). Wetland engineering often considers the 
construction of a confined disposal facility to contain the discharge of the dredge slurry.
2.7.2 Confined Disposal Facility
The Confined Disposal Facility (CDF) is an area confined by dikes used to retain 
dredged material solids and release the carrier water (Palermo et al., 1993). There are three 
major objectives for a confined disposal area:
a) To provide adequate storage capacity for the volume of material to be dredged (Palermo 
et al., 1993; Kyzer, 1984).
b) During dredge pumping, to attain the most efficiency at retaining solids such that the 
effluent meets the suspended solids requirements (Palermo et al., 1993). Any coarse 
grain material such as sand and clay balls, rapidly falls out near the dredged discharge 
pipe forming a mound (Broussard, 1997; Palermo et al., 1993). The fine-grain material
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continues to flow through the containment area with most of the solids settling out of 
suspension and filling the storage volume of the CDF (Palermo et al., 1993).
c) Once the dredge pumping is stopped, to use techniques which accelerate drying and 
dewatering of the dredged material (Kyzer, 1984). If a bottom portion of a lift of dredged 
material is allowed to remain at or near the liquid limit and another lift of dredged material 
is placed on top of it, the bottom portion of solids will be very difficult to dewater (Kyzer, 
1984).
In most CDFs, dredged sediments are pumped directly into this area (Palermo et al., 
1993). Clarified water is usually discharged from the confinement area over a weir (Palermo 
et al., 1993). Flow over the weir is controlled by the static head and weir length (Palermo et 
al., 1993). A weir length of 12 feet is recommended (Palermo et al., 1993). Elevation of the 
weir crest determines the height of ponded water in the confined disposal area. Freeboards 
add temporary height to the weir. Once dredge pumping stops, the freeboards can be 
removed to help in further dewatering the confined disposal area. For example, the 
recommendation for the confined disposal area at the Naval Station in Yorktown, Virginia was 
8 to 10 feet high dikes in order to accommodate 3-4 feet of sediment depth, 3 feet of ponded 
depth, and 2 feet of freeboard (Palermo et al., 1993).
Confined disposal areas can be used over many years with dredging discharges 
occurring periodically over the design life (Palermo et al., 1993). Each dredging discharge 
increases the height of confined solids which is called a “lift’ For example, a lift of 3.2 feet of 
solids was recommended every 10 years for the Naval Station disposal site in Yorktown, 
Virginia (Palermo et al., 1993).
2.8 HISTORY OF LONG-DISTANCE SLURRY TRANSPORT
The first long-distance slurry transport occurred in the United States in the 1950s with 
the use of coal pipelines (Wasp et at, 1977). In Ohio, the Consolidation Coal pipeline had a 
10- inch diameter and was 108 miles long (Wasp et al., 1977). In Utah, the American 
Gilsonite line was 6  inches in diameter and was 72 miles long (Wasp et al., 1977).
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Long distance pipelines can be used to transport solids having high densities, such 
as iron ore having a density of 5 g/cm3 For example, the existence of an iron-rich ore deposit 
in Tasmania was known for over a hundred years before being mined (Wasp et al., 1977). 
This rich iron ore was considered inaccessible due the rugged terrain and the ore's location 
approximately 50 miles from the coast (Wasp et al., 1977). Pipelines enabled this ore to be 
transported to the coast starting in 1970 (Wasp et al., 1977).
2.8.1 McElrov Swamp Project
From 1967 to 1970, pipeline-conveyed sediments was used in the McElroy Swamp 
Project for the construction of Interstate 10 Highway between La Place and Sorrento, 
Louisiana (see Fig. 2.11). Fine grain sediments (silts and sands) were pumped from the 
Mississippi River directly to the highway construction sites in order to build up the roadbed in 
McElroy swamp. A 30" cutter-head dredge was used to excavate the silts and fine sands 
from the Mississippi River. The 20% slurry mixture required several booster pumps to pump 
about 1 million cubic yards of sediments per month (Waguespack, 1996). The 30-inch 
pipeline conveyed the dredged sediments from the Mississippi River for a maximum distance 
of 13 miles (Lyon, 1996; Waguespack, 1996; State of Louisiana DOTD, 1970). Although 
erosion was not a problem, the pipeline was occasionally rotated to prevent any bottom 
erosion (Melancon, 1996). The dredged slurry discharge was brought directly to the site 
(Waguespack, 1996). At the end of the discharge, there was a divertor piece which arched 
over the end of the pipe (Waguespack, 1996). This divertor piece was used to obtain 
maximum compaction of sediments by using the natural slope of repose of the sediments 
(Waguespack, 1996).
There were two sections of 110 that were constructed using slurry transport 
(Waguespack, 1996; Melancon, 1996; Lyons, 1996). The first section was from Sorrento to 
Blind River (Waguespack, 1996; Melancon; 1996; Lyons, 1996). In this first section, dredged 
sediments was placed into the swamp without any confinement walls. The coarser material 
settled out first, and the finer materials were carried out into the swamp with the water.
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Fig. 2.11. Aerial Map Showing Locations for the McElroy Swamp Project 
(after State of Louisiana, DOTD, 1996)
The second section of construction was from Blind River to LaPlace (Waguespack, 
1996; Melancon, 1996; Lyons, 1996). In this section of construction, the slurry was placed 
into excavated trenches. The slurry did achieve compaction above the water table fairly 
quickly (in one day). However, below the water table compaction was difficult to achieve. 
Organic material in the slurry gave difficulties in compaction of sediment (Melancon, 1996). 
This lack of compaction resulted in voids which later resulted in an uneven surface. These 
problems encountered during compaction are important to increasing the capacity of future 
confined disposal areas.
The McElroy Swamp Project is important for several reasons. It was the first long 
distance transport of dredge sediments. Second, surveys in the Mississippi River showed
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that the same size of sediment is deposited at the same place in the Mississippi River 
(Waguespack, 1996). By the end of the pumping operations, the beginning of the dredging 
area was already filled with the same size silts.
2.8.2 Nerana River Bv-Pass Project
Pipeline-conveyed sand slurries are used to maintain coastal beaches and sand bars at 
the Nerang River mouth, Surfers’ Paradise, Queensland, Australia. The eastern Australian 
coast, also known as the Gold Coast, has a strong littoral drift of 500,000 cubic meters of sand 
that moves in a northerly direction. The Nerang River flows through a broad, shallow tidal 
estuary known as the Broadwater and meets the Pacific Ocean at an entrance channel flanked 
by Southport Spit to the south and Southern Stradbroke Island to the north. Since the early 
1800’s, the Nerang River mouth has continually migrated northward due to sand drift 
deposition. Attempts to stabilize the migration of sand resulted in the building of two massive 
training walls at the entrance of the Nerang River (see Fig. 2.12). Initially, the training walls 
kept the Nerang River open from the choking sand drifts, but eventually the sand accumulation 
against the southern wall began spilling around the training wall. The Nerang River began 
filling up with sand, and the northern wall began experiencing erosion of sand (Wakefield, 
1986).
The Nerang River Sand Bypassing system was installed to move sand from where it 
was a nuisance to where it was needed. The key components of the system are ten jet 
pumps suspended from and spaced about 90 feet apart along a jetty. The jet pumps collect 
the northward-moving sand as it reaches the Southern Training Wall and then pumps it 
through a pipeline buried under the Broadwater passage and deposits the sand north of the 
Northern Training Wall on South Stradbroke Island. There are ten jet pumps buried about 33 
feet below the sand level (see Fig. 2.13). Slurry densities pumped approach 60% by weight 
The system can pump at rates of either 335 or 585 cubic meters per hour even during storm 
conditions which tend to bring the heaviest sand deposits to the Gold Coast (Wakefield, 
1986).
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The Nerang River by-pass project is important because both the intake and discharge 
is a permanent installation which has been in operation since 1968 without erosional 
problems. An advantage of the Nerang River by-pass system is that unlike conventional 
dredging, sand can be pumped even during storms. The Nerang River project only operates 
a short distance from the intake to the discharge. The sand pumped in this project is believed 
















Fig. 2.12. Map of the Nerang River Entrance and By-Pass System 
(after Wakefield, 1986)
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Fig. 2.13. Schematic Diagram of the Nerang River Sand By-Pass System
(after Wakefield. 1986)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 3. Transport and Settlement Programs
The transport and settlement programs described in this chapter are spreadsheet 
programs that can be used in designing a wetland restoration project using pipeline-conveyed 
sediments. The two key parameters for the design process are head loss and fill volume. 
The spreadsheet program format was chosen because almost all engineers are familiar with 
this type of programming. Although more challenging to write, the spreadsheet programs give 
quick answers to complex calculations, even those requiring iterations. Programs were 
written using Microsoft Excel version 5.0 (Microsoft, 1994)
This chapter describes two spreadsheet programs that can be used to design a slurry 
transport project The first program determines the pressure drop and horsepower 
requirements of transporting sediments using a slurry through a pipeline. The second 
spreadsheet program determines the predicted settlement of a marsh surface with time and 
can be used to determine the amount of sediment fill to place on a marsh surface.
3.1 INTRODUCTION TO SLURRY TRANSPORT PROGRAM
Pipeline slurries are mixtures of solids and liquids. Pipeline transported slurries can 
have both homogenous and heterogeneous flow characteristics. Homogeneous flow occurs 
when fine grain particles join with the carrier fluid to form a vertically uniform mixture or 
“vehicle." Heterogeneous flow occurs when coarser particles carried near the bed bottom 
form a stratified mixture called a “bedload." Fig. 3.1 shows a cross-section of a typical 
pipeline slurry consisting of a “vehicle" and a “bedload." In Fig. 3.1 the velocity profile for the 
vehicle is also shown.
The primary design problem in determining the pressure drop in a pipeline while 
transporting sediments is to account for the complex characteristics of slurries. These 
include heterogeneous grain size distributions, non-Newtonian, non-linear rheology, grain 
density, slurry density, etc. Also the pipeline parameters that need to be included are 
diameter, length, type, roughness, etc. At present, these calculations must be done by hand
45
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and several decision have to be made about the ‘proper” rheological model to be used. The 




SLURRY = VEHICLE + BEDLOAD
Fig. 3.1 Typical Cross-Section of a Slurry in a Pipe
Pressure requirements for sediment conveyance can be determined using the 
spreadsheet “SLURRY.XLS”. Spreadsheet calculations are based on theoretical calculations 
by Wasp et al., 1977, industry guidelines by T.L. James and Associates, Inc., and statistically 
derived relationships of particle transport. There are two major sections of the slurry 
spreadsheet —
1) Input/Output section and
2) Detailed calculations section.
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The Input/Output section occurs at the top left comer of the entire spreadsheet in 
cells A1 to M36. All input values needed for the spreadsheet are entered in this section. A 
summary of output values calculated by the spreadsheet are also displayed in this section. 
The input/output section is set up for convenience such that the spreadsheet user can easily 
input specific values and view the results without having to browse through large areas of the 
spreadsheet
The detailed calculations section of the spreadsheet is the remainder of the 
spreadsheet and occurs from cell A37 to AG242. This section contains the detailed 
calculations of all the input values and five iterations on pressure requirements for the slurry.
3.2 INPUT DATA
Table 3.1 lists the minimum input data required to run the spreadsheet All required 
input data is boxed. During actual use of the spreadsheet these input values also appear in 
red. Input data is divided into several major areas which are labeled as pipe, solids, liquid, 
slurry, pump, sieve analysis, iterations, and fill area. Table 3.2 shows the input/output section 
of the spreadsheet
A powerful feature of this spreadsheet is the suggestion interaction areas. These are 
areas in the input/output sections in which the spreadsheet gives the user suggestions for 
input values. The first occurrence of such an interaction is in the liquid section. Using the 
temperature of the liquid which is input in cell C12, the spreadsheet displays in cell C13 a 
computed viscosity in centipoise. The user can either input this value for liquid viscosity in 
cell C14 or use another value.
The spreadsheet suggestion interaction also occurs in the slurry section with 
operational velocity. Operational velocity is input in cell C18. This velocity is checked 
against a computed critical velocity in cell C20, a rule-of-thumb velocity in cell C21, and a 
depositional velocity in cell C22. The results of these comparisons are displayed respectively 
in Cells D21 through D22. For example, if the operational velocity is greater than the
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computed rule-of-thumb velocity, cell D21 will display an “OK’ . If the operational velocity is 
less than the rule-of-thumb velocity, cell D21 will display “Ck Vel’ meaning that the input 
operational velocity is probably not high enough to transport the slurry.
Table 3.1. Minimum Required Input Values Needed 
to Run the SLURRY.XLS Program
INPUT
Pipe Diameter 24 inches Sieve Analysis Mean
Pipe Roughness 0.002 inches Screen Diameter
Length 5.0 miles Mesh Size W t% (mm)
10 10 0 2.0000
Solids Density (sofids) 2.7 gm/cc 40 40 3.9 0.425
200 100 1Z4 0.075
Liquid Density (liquid) 1 gm/cc Silt 200 30.8 0.05
Clay 325 52.9 0.02
Temperature 60 deg F Total 100
Computed viscosity 1.00 cp
Viscosity used 1.00 cp FmArea
Area 320 acres







microns 1000 microns = 1 mm
2.09E-5 fc'sec/ft2 = 1 cp
1E-3 N*sec/m2 = 1 cp
43560 ft2 = 1 acre
The spreadsheet suggestion interaction also occurs in the iteration section with 
viscosity. In cells H9 through H13, the spreadsheet computes a value of viscosity in 
centipoise for each of the weight solids concentration. In cells 19 through 113, the user can 
use either this value for slurry viscosity or another value.

















Table 3.2. Input and Output Data for Slurry Spreadsheet
INPUT   INPUT
Pipe Diameter 24 Inches Iterations
Pipe Roughness 0.002 inches Cone Computed Viscosity Pressure
Length 5.0 miles Solids Viscosity Used Specific Bedload Drop 
(ft wtr/ft) 
0.0118
(%) (CP) (cp) Gravity (%)
0.00
Difference
Solids Density (solids) 2.7 gm/cc Water 0 1.13 1.13 1
1st try 23.00 2.78 2,78 1.391 0.00 0.01722 31.3%
Liquid Density (liquid)
. .  1 gm/cc 2nd try 21.47 2.59 2.59 1.365 1.53 0.02062 16.5%
3rd try 21.48 2.60 2.60 1.365 1.52 0.02059 -0.2%
Temperature 60 deg F 4th try 21.48 2.60 2.60 1.365 1.52 0.02059 0.0%
Computed viscosity 1.13 cp 5th try 21.48 2.60 2.60 1.365 1.52 0.02059 0.0%
Viscosity used 1.13 cp OK
Fill Area OK
Slurry Cone solids (vol) 23 (percent.%)
Area 320 acres 13939200 sq ft
Operational Velocity 11 ft/sec Dike Height 5 ft
Mean Part. Dlam 100 microns
TL James vel. 8,57 ft/sec OUTPUT


























Mesh Screen Size W t% (mm) Total Pressure Head 543 ft wtr
10 10 0 2.000 Pump Pressure 321 psi
h p40 40 3.9 0.425 Pump Horsepower 5,284
200 100 12.4 0.075
Silt 200 30.8 0.05 Conversion T ables: 1000 microns S 1 mm
Clay 325 52.9 0.02 2.09E-5 Ib'sec/ft* a 1 cp








3.2.1 Pipe Input Data
Input data for pipe calculations are pipe inside diameter (inches) and pipe roughness 
(inches). The spreadsheet computes inside diameter in feet in cell E39 and pipeline length in 
feet in cell E42.
The spreadsheet calculates relative roughness based on the following equation (cell
C41):
Relative roughness is later used in calculating Reynold’s number and in determining the 
friction factor for the pipe.
3.2.2 Solids Input Data
The input data for the granular solids is the density (g/cm3). Dredged solids typically
2.3 g/cm3 (CRC Handbook of Chemistry and Physics, 1970).
3.2.3 Liquid Input Data
The most common liquid used in slurry transport is water. If another liquid is used the 
density and viscosity of this fluid needs to be typed in cells C10 and C14, respectively. The 
density (lbs/ft3) can be computed using the following equation if density is known in g/cm3.
The spreadsheet has a default value in cells C13 and C14 for water. Using the input 
variable temperature (deg F) of cell C12, a viscosity is calculated and shown in cell C13. The 
user can either accept this computed value and input this value into cell C14 or use another
Relative roughness = — (Eq. 3.1)
have a density of 2.65 g/cm3. A wide range of densities is possible for slurry transport, i.e. 
iron ore having a density of 5 g/cm3 and coal with a densities ranging between 1.8 g/cm3 and
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value in cell C14. In the spreadsheet, the viscosity in centipoise is changed into different 
units using the following equations:
lb
f t  - sec.
= p(cp) X 0.000672562
lb
vf t  -sec)
cp
Eq. (3.3)
The kinematic viscosity is determined as follows:
:>
{ -Vsec, Eq. (3.4)
3.2.4 Slurry Calculations in Input Data Section
The first input variable for the slurry is desired (selected) volume percent of solids in 
the slurry. If the volume percent of solids, Cv , is entered in cell C16. The corresponding 
slurry density is then calculated using the following formula:
P*ny  =  [Q  x p s] +  [(100 — C v) X  P / ] (Eq. 3.5)
where = the density of the solids
pi = the density of the liquid.
The second input variable for the slurry is the operational velocity of flow. 
Operational velocity (ft/sec) is entered in cell C18. This velocity is checked against a 
computed T.L. James critical velocity in cell C20. Critical velocity in cell C20 is determined 
using the following formula:
^ rL J a m n s c r i l ic a l~ ) = ̂ S o ( A \ ^  +  ^2 ) (3-6)vsec/
where
.
dso = mean particle diameter (microns) 
4 , =-0.000263644 
A2 = 0.020563137




D = pipe diameter (feet)
This formula was derived using statistical linear regression from T.L James data (Smith, 
1997; Harris, 1997). The rule-of-thumb velocity is obtained using the following equation:
Cell D21 compares the operational velocity to the rule-of-thumb velocity computed in cell C21 
as listed in Eq (3.7) above. If the operational velocity is not larger than the rule-of-thumb 
velocity, cell D21 will show “Ck Vel" for check velocity. If the operational velocity is larger 
than the rule-of-thumb velocity, cell D21 will show “OK."
The depositional velocity is obtained using the Wasp et al., 1977 modification to the Durand 
equation:
Cell D22 compares the operational velocity to the depositional velocity computed in cell C22 
as listed in Eq (3.8) above. If the operational velocity is not larger than the depositional 
velocity, cell D22 will show “Ck Vel” for check velocity. If the operational velocity is larger 
than the depositional velocity, cell D22 will show “OK.”
3.2.5 Pump Input Data
The input data for the pump is the efficiency expressed as a fraction. Typical pump 
efficiencies range from 50-60% or 0.5 to 0.6.
3.2.6 Sieve Analysis Input Data
Sieve analyses requires mesh size and corresponding weight percent which would be 
determined in a laboratory. The mean diameter of each mesh size is also required.
ruleofUtumb critical Eq. (3.7)
depositional Eq. (3.8)
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3.2.7 Iterations Input Data
This section is located in cells F4 to AG13 which is the upper right hand comer of the 
input/output area of the spreadsheet Input values are viscosity. This section contains 
valuable output data, such as, viscosity, specific gravity, and pressure drop for the slurry.
In the iterations section, the first row has calculations for water only and the next five 
rows (labeled 1st try through 5th try) are iterations for the slurry. The first slurry iteration 
begins with the assumption of complete suspension. Thus the first row (water only) 
represents the minimum pressure drop, and the second row (labeled 1st try) represents 
maximum (100% suspension) pressure drop. The final pressure drop occurs between these 
two extreme values. The remaining rows successively attempt to determine the final pressure 
drop using the results of the previous iteration. The last column (column N) compares the 
difference between the computed final pressure drop and the previous final pressure drop. 
Wasp et al., 1977 recommends a difference of 5% or less for a final pressure drop. An 
example problem using Atchafalaya River sediments is discussed in a stepwise procedure in 
Section 3.8.3.
3.2.8 Friction Factor Determinations
Friction factors for each row in the iteration section is determined in cells Q6  to AG13. 
Friction factors are first estimated using the equation proposed by Jain, 1976 given below.
Jain (1976) found that Eq. (3.9) gave excellent results (errors within 1.0% of the Colebrook
equation) for the range of Reynolds number between 5 x 103 and 108 and a range of relative 
roughness between 10'2 and 10-6 . The Colebrook (1939) equation used to determine the 
final friction factor is as follows:
Eq. (3.9)
Eq. (3.10)
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The friction factor cannot be extracted readily from the Colebrook equation . By rearranging 
Eq. (3.9), a trial and error procedure is used to solve for friction factor using the following 
equation (Beggs, 1991):
Values of fg are estimated, and then fc is calculated until fg and fc agree to an acceptable 
tolerance (Beggs, 1991). The spreadsheet allows for six iterations. After each iteration, the 
calculated value becomes the assumed value for the next iteration. Convergence is usually 
obtained after 4 iterations (Beggs, 1991). More iterations can easily be added if needed 
using the spreadsheet copy command.
3.2.9 Fill Area Inout Data
Fill area input data is located in cells F17 to J18. The input data required is area in 
acres and dike height in feet If area is known in square feet this can be directly in cell 117.
3.3 OUTPUT DATA
The final output data occurs is cells F20 through L31. The values shown in this 
section show the results of the fifth and final iteration. Output data is grouped into the 
following categories: discharge rates, transport rate, pressure requirements, and horsepower 
requirements,.
The discharge rates are given for the whole slurry is given in units of cubic feet per 
second and gallons per minute. The discharge rate for the solids transported are given in 
units of cubic feet per second. The transport rate of solids is also given in lbs/sec and dry 
tons/year. The minimum number of days for the slurry to fill a confined disposal area is given 
based on the discharge rate of the pipeline and the volume of the disposal area. The 
average time to fill the disposal area is based on a 80% retention of solids. The total





pressure drop for the entire pipeline is given in units of feet of water, feet of slurry, and psi. 
Pump horsepower requirement is also shown.
3.4 DETAILED CALCULATIONS
An illustrative example is used to determine the detailed calculations for an 
Atchafalaya River sediment slurry flowing in a 24” inside diameter horizontal pipe. The 
following data is listed (see also Table 3.3):






Inside diameter = 24 inches 
Roughness = 0.002 inch 
Length = 5 miles
Specific gravity = 2.7 gm/cm3 
Sieve analysis (See Table 3.2)
Water
23% concentration by volume 






10 Gravel 0 0.2000
40 Sand 3.9 0.0425
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3.4.1 Pipe Calculations
Relative pipe roughness is determined as follows:
e  0.002  „ *
Relative roughness = — = --------- =  8 x 10 (Eq. 3.1a)
D  24
3.4.2 Water Properties and Pressure Drop Calculations
The water properties and pressure drop calculations are given in the first row of the 
























Fig 3.2. Overall Sequence of Spreadsheet Calculations for Water Only
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Water density is assumed to be 1 g/cm3 or 62.34 lb/ft3. For the temperature of 60°F, the 
computed viscosity is 1.13 cp, which has the following equivalent English unit values:
lb
f t -  sec,
=  1.13(cp) x 0.000672562
lb
. f t  -sec>
cp
p. =  7.60 x 10'
lb
. f t  - sec;
or
, 7 .6 x 1 0
f t  }  V f t  • sec,
.sec.
6 2 3 4(?)
v =  132 x 10 -5 (ft1
.sec.
The Reynolds number for only the water is determined as follows:
Re =
Re =
' < £ )  * 2w * 62-30 )
7 .6 x 1 0 '
lb
. f t  - sec;




The friction factor using Colebrook (1939) is 0.00315.
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Therefore the friction loss is given by:
hf  ( f t
A f(d 'less)V2
L V f t
Eq. (3.12)
L
4 x (0 .00315) x 10
(Water) Eq. (3.12a)
3.4.3 Drag Coefficient Calculations
The drag coefficient is be determined using properties through water only. Durand's 
drag coefficient for each particle size is listed in Column (13) of the spreadsheet and found in 
cells M115 to M119. The drag coefficient is determined only once using fluid properties of 
water only. Once the drag coefficient is determined, it is used to determine the pressure drop 
of the bedload in the other iterations. The drag coefficient, Co , can be obtained from a graph 
of the particle Reynolds number versus the drag coefficient shown in Fig. 3.3.
The formula for determining the drag coefficient, Co , is as follows:
Of all of the variables in Eq. (3.13), settling velocity, w , is probably the most difficult to 
determine. The determination of settling velocity in water for each particle is found in the 
spreadsheet in cells B81 through X90.
Eq. (3.13)
3pf w 2
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There are three ways to determine settling velocity depending on the particle 
Reynolds number. The three regions of Reynolds number are depicted in Fig. 3.3 and are 1) 














Reynolds Number, Re (d'less)
Fig. 3.3. Drag Coefficient versus Particle Reynolds Number 
for Spherical Particles (after Wasp et al„ 1977)
3.4.3.1 Stokes Law regime for water
The Stokes Law regime applies for particle Reynolds numbers between 0.0001 and 
1. In the Stokes Law regime the relationship between Reynolds number and drag coefficient 
is linear as expressed by the following equation:
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Substituting Eq. (3.14) into Eq. (3.13) and rearranging gives the following formula which is 
also known as the small grain formula for settling velocities:
Using the settling velocity computed by Eq (3.15) and the particle diameter, a Reynolds is 
computed. For the example clay fraction, the particle Reynolds number is:
Since Re < 1, the settling velocity is in the Stokes Law regime.
3.4.3.2 Intermediate regime for water
In the intermediate regime, particle Reynolds numbers are between 1 and 1000. In 
this region, the relationship between Reynolds number and drag coefficient is more complex. 
Fig. 3.4 shows the relationship of C0Re2 to Re (Reynolds number).
Eq. (3.15)
18 p f v
An example calculation is done for the clay size fraction:
18 p f v
w = -  X  (6.562 X 10~5) 2 Eq. (3.15a)




Re =  0.0058





















o  o  o  o  o  <o
t* o o e o e
t- o o o ov o e +
r- o UJ
C o R e 2
Fig. 3.4. CDRe2 versus Particle Reynolds Number for Spheres 
(after Wasp et al., 1977)
Additionally, the graph in Fig. 3.4 has been subdivided into three regimes and the data has 
been fitted with formulas based on statistical analysis of a number of points in these regions. 
These regimes are listed along with the linear fit lines in the spreadsheet in cells 077 to Q78 
and in Table 3.4 :
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
62
Table 3.4. Logarithmic Fit of Three Areas in the Intermediate Regime
Particle
Reynolds
Number Region Intercept Slope
20-1,000 a -1.12672 0.813244
1,000-10,000 b -0.75648 0.686315
10,000-200,000 c -0.39909 0.598077
An example calculation uses the 40-mesh size fraction. The first step is to estimate the 
settling velocity using the small grain formula as follows:
wm
18 p f v
32 (1 6 8 2 -6 2 .3 4 )
\sec Jw = ŝe
18
6 2 . 3 4 ^ j  x 1.22 x I O'5
^sec,
x (0.0013944)2( / 2) Eq. (3.15b)
w =  0.485^
vsec/




° '485(s e c ) xO O O l3944( / 0
122  x 10‘
^sec j
Re =  555
Eq. (3.11b)
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Since Re > 1, Stokes Law does not apply. The diameter term C0Re2 is determined as 
follows:
3.4.3.3 Newton Law regime for water
The Newton Law regime is for Reynolds numbers between 1000 and 200,000. In the 
Newton Law regime, the drag coefficient, CD , is a constant equal to 0.4 and independent of 




C D R e2
1 6 8 3 2 -6 2 .3 4 ( |f ) (0 0 0 I3 9 4 4 )3( / ,J)
CD Re2 = 13313
From Table 3.2 the value of Re is determined as follows:
Re — 10{"075648I+0 6863I5l’‘,oe(|33IJ))
Eq. (3.17)
Re =  24.42




0 .0 0 l3 9 4 4 (./r) Eq. (3.11c)
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3 3 3 (p -p f )d 1l0* 
w =  ------------    —
P f
Eq. (3.18)
Using the 10-mesh particle size as an example:
H' =
3 33  x (1 6 8 3 2  -  6 2 3 4 )  x  0 .0065617 " T
6 2 3 4
Eq. (3.18a)
w =  0 .1 9 3 |^ H
vsecJ
The settling velocity calculated from the Newton Law regime is compared to the 
settling velocity of the intermediate regime. The larger settling velocity between these two 
regimes is used as the settling velocity.
3.4.3.4 Drag coefficient using settling velocity
Once settling velocity is determined, the drag coefficient can be determined for each 
particle size from Eq. (3.15) which is repeated below:
CD =4151 .7
Column 11 in the spreadsheet (cells N115 to N119) calculates Cp75 for each particle size 
fraction. This factor is later used to determine the bedload pressure drop.
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3.4.4 First Slurry Iteration
The results of first slurry iteration is labeled ‘ 1st try” in the iteration section from cell 
F9 to M9. Fig. 3.5 shows the overall sequence of the calculations for the first iteration 
performed by the spreadsheet































Fig. 3.5. Overall Sequence of Spreadsheet Calculations 
for the First Iteration
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
66
3.4.4.1 Slurry properties and pressure drop calculations
The first slurry iteration assumes that all the solids in the slurry are suspended. This 
assumption also means that there are no solids in the bed at the bottom of the pipe (Wasp et 
al., 1977).
The slurry density is determined as follows:
Eq. (3.5a)
Slurry density is then converted into English units as follows:
x 6 2 3 4
x 6 2 3 4
Eq. (3.2a)
The viscosity of the slurry is estimated us,na- the following formula:
t*+*y(cp) = f icp)  x [l + (25CW + \2 C i+ 2 0 C 3w)] 
Mshny =  l-l 3 M  *  [ l  + (2 -5 x °-23 + 1 2  X  o2 3 2 +  20  x 0.233)]
M  s lu rry  =  2-77( Cp )
Eq. (3.19a)
Eq. (3.19)
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The conversion of viscosity to English units is as follows:
P s lu rry  =  A w )  X 6-72562 X  10‘
P  slurry  =  2.77 x 6.72562 X  10 
Pihny =  1-86 x  10 lb ^
T— 11v f t  - secy
cp
Vf t  -secy
Another English conversion for kinematic viscosity is as follows:
lb \
^ s lu m
{ f t -  sec,
1.86 x 10 -3
lb
ft  - secy
slurry
^  =  2 2  x 10
.sec,









. f t  -sec>
R e .,w  =  1,023,254 
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Therefore the friction loss for the slurry vehicle is given by:
hr { f t \ _  4JV2 





4 x (0.00329) x lO 2
.sec
2 x 322( £ ) x2W
= 00124
( f t  ^J  slurry
Converting the friction loss of the slurry vehicle into feet of water is as follows:
=  0.01241 1 x SGslurry
hf ( f t .
L \  f t
=  0 . 0 1 2 4 ^ ^  x 1.391
L
wtr
V f t  J
= 0.01721
f t
The frictional velocity is determined from the following formula:
Using the friction factor from the first iteration, frictional velocity is:
=  vM
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3.4.4.2 Settling velocity in the slurry
There are three ways to determine settling velocity depending on the particle 
Reynolds number. The three regions of Reynolds number are depicted in Fig. 3.1 and are 1) 
Stokes Law regime, 2) Intermediate regime, and 3) Newton Law regime.
The Stokes Law regime applies for particle Reynolds numbers between 0.0001 and 
1. In the Stokes Law regime, as described in section 3.3.3.1, the settling velocity is 
determined using the small grain formula given as follows:
Using the settling velocity computed by Eq (3.15) and the particle diameter, a particle 
Reynolds number is computed. For the example clay fraction in the slurry vehicle, the 
particle Reynolds number is:
Eq. (3.15)
18 p f v
An example calculation is done for the clay size fraction:
18 p f v
w =
32 2( £ )  ( . 6 8 , 2 - 86 .7 ( A )
----------- X ------------------------------------ X (6.89 x l (T 5) 2 Eq. (3.15c)




Re =  0.00103
Since Re < 1, the settling velocity is in the Stokes Law regime.
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In the intermediate regime, particle Reynolds numbers are between 1 and 1000. In 
this region, the relationship between Reynolds number and drag coefficient is more complex 
as described in section 3.3.3.2.
An example calculation is done for the 40-mesh size fraction. The first step is to 
estimate the settling velocity using the small grain formula as follows:
18 p f v
x (0 .0013944) Eq. (3.15d)
w = 0.152 ]
VsecJ
Next, the particle Reynolds number is computed:
( £ ) * 0 . 0 0 1 3 9 4 4 ( ^ )
Eq. (3.11f)
Re =  9.87
Since Re > 1, Stokes Law does not apply.
The diameter term C0Re2 is determined as follows:
(0 .0013 9 4 4 )3( f t 3)
Vsec J \ f t  J
= 236.9 Eq. (3.16a)
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From Table 3.2 the value of Re is determined as follows:
_  [  q ( - H 2672I6 1+0 8 L324362* Iog(236.9))
Re =  6.37
Eq. (3.17a)
Thus settling velocity is computed from the particle Reynolds number as follows: 
R ev
w =  •
7.78 x 2 2  x  10 -5




w =  0.098
vsecy
The Newton Law regime is for Reynolds numbers between 1000 and 200,000. In the 
Newton Law regime, the drag coefficient, C0 , is a constant equal to 0.4 and independent of 




3J3( p , - p r y
p f
Eq. (3.18)
Using the 10-mesh particle size as an example:
3.33 x (168.32 -  86.7) x 0 .0065617
-lO.S
w =




The settling velocity calculated from the Newton Law regime is compared to the 
settling velocity of the intermediate regime and the larger settling velocity between these two 
regimes is used as the settling velocity.
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3.4.4.3 Bedload calculations
Next, the pressure drop of the bedload is determined. Since the first iteration 
assumes no bedload, the pressure drop of the bedload is zero.
3.4.5 Second Slurry Iteration
The results of the second iteration is labeled “2nd try” in the iteration section of the 
spreadsheet from cell F10 to M10. Fig. 3.6 shows the overall sequence of the calculations for 
the second iteration.
3.4.5.1 C/C^ criteria
In this second iteration, a bedload is computed using the C/CA criteria. The C/CA 
criteria determines how the volume percent of each fraction is divided between the vehicle 
and the bedload. The C/CA criteria uses properties (such as settling velocities and friction 
velocities) determined from the previous iteration. Table 3.5 shows the area of the 
spreadsheet which computes and uses the C/CA criteria.
To use the C/CA criteria, the volume percent of each mesh size fraction is first 
determined using the equation:
Cv =  Cv(% ) x Wgt(frac) Eq. (3.22)
Using the clay-size fraction as an example:
C„ =52.9x023
Eq. (3.22a)
C„ =  12.167 M 1 '
Volume percents of each size fraction is given in Column (4) of each detailed iteration. 
Next, the value of C/CA is determined for each size fraction using the following
formula:

















PRESSURE = PRESSURE + PRESSURE 
DROP DROP DROP
Fig. 3.6. Overall Sequence of Spreadsheet Calculations 
for the Second Iteration
where w = settling velocity (ft/sec)
P = 1 (Wasp, e t al., 1977) 
k  = 0.4 von Kantian constant 
p = frictional velocity (ft/sec)
Eq. (3.23) is determined in a two-part process shown in Columns (5) and (6 ). 
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Table 3.5. Second Iteration C/CA Criteria Determination
(1) (2) (3) (4)
Size Mean Settling Volume 5
Fraction Diameter Velocity Solids
Tyler Mesh W (ft/sec) 100 Phi
w (in slurry)
1st Iteration
10 0.00656 0.5539022 0
40 0.00139 0.0982909 0.897
100 0.00025 0.0047408 2.852
200 0.00016 0.002107 7.084
325 6.6E-05 0.0003371 12.167
23.00
2nd Iteration 
(1) (2) (3) (4)
10 0.00656 0.5539022 0
40 0.00139 0.0982909 0.897
100 0.00025 0.0047408 2.852
200 0.00016 0.002107 7.084
325 6.6E-05 0.0003371 12.167
23.00
(5) (6) (7) (*)
100 Phi 100 Phi
Z crc(A) vehicle bed
w/(bku*) =io ai .«z
10*(18*(5)
)







(5) (6) (7) (8)
3.10265 0.0000 0.00 0.000
0.55057 0.1021 0.09 0.805
0.02656 0.8958 2.55 0.297
0.01180 0.9523 6.75 0.338




Note that the values of settling velocity and friction velocity used in Eq. (3.24) and listed in 
Column (5) are taken from the previous iteration. Column (6 ) computes the value of
f e )  c
10 ^  or 10(-18Z) to obtain the value o f according to Eq. (3.23).
C a
In order to get the volume percent of each size particle in the vehicle, the volume 
percent of each size particle is multiplied by it respective C/C* value. This is done in Column 
(7) which multiplies Column (4) and Column (6 ) to give the volume percent of each size 
particle that is found in the vehicle. The sum of the volume percent for the vehicle for all
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particle sizes gives the total volume concentration for the vehicle and is found at the bottom 
on Column (7). For the second iteration, the volume concentration of solids in the vehicle is 
21.464% found in cell J131.
Next the volume percent of each particle size for the bedload is determined by the 
subtraction of the total volume fraction of the particle size, Column (4), and the volume 
fraction found in the vehicle, Column (7). This subtraction is done in Column(8), which 
subtracts Column (7) from Column (4). Column (8 ) gives the volume percent for each particle 
size found in the bedload. The sum of the volume percent for the bedload for all particle 
sizes gives the total volume concentration for the bedload which is found at the bottom on 
Column (8 ). For the second iteration, the volume concentration of solids in the bedload is 
1.536%.
3.4.5.2 Vehicle properties and pressure drop calculations
The slurry density is determined as follows:
r r . 21.464^ ,
+  1 ------------------------X  1
100 ; [J
Eq. (3.5b)
Slurry density is then converted into English units as follows:
Eq (3.2b)
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^ .  = 0 6 4 9 ^ 1 x 6 2 3 4
\cm  J
lb
to ) Eq. (3.2b)
P shiny =  85.09
(  lb '
The viscosity of the slurry is estimated using the following formula: 
p ^ j c p )  = M.cp) X[l+ (2 -5 C . +12C l +  2 0 C i)\
= l.I3(cp) x [ l + ( 2 5  x 0 .2 1 4 6 4 + 1 2  x (0 2 1 4 6 4 )2 +  20 x (0 2 1 4 6 4 ) ’ )]
Pslurry =  2 - 5 8 ^ )
The conversion of viscosity to English units is as follows:
Eq. (3.19b)
P slurry =  P ity )  X 6.72562 X  10'
= 2 3 8 x 6 .7 2 5 6 2 x 1 0 '
. f t  - sec j
cp
Eq. (3.3c)
Pslurrv =  1-74 X  10 -3
lb
. f t  -secJ
Another English conversion for kinematic viscosity is as follows:
siurry
4— )\  ft-s e c )
r z iPshury^ J
1.74 X  10 -3
lb
f t  - sec.
slurry
85 .09 f ~
I / / 3.
Eq. (3.4c)
= 2 .0 4 x 1 0 ' f i
.secy
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The Reynolds number for the slurry is determined as follows:
A
10( s £ )  X X 8509
f lb^
y f i ' j
1.74 x 10-3 'J b _ ' 
.y?-sec,
R e ^  =  1,076,873
The friction factor using Colebrook (1939) is 0.0032771. 
Therefore the friction loss for the slurry vehicle is given by:
hf ( f l \  4 /K 2 
L  I  ft)  2 g D
hf  ( A
4  x (0.0032771) x 10 ( I L
vsec2.
2 ,3 2 .2( ^ - ) x 2 ( /,)
y { j ] =  00123 ( ^ j p )




hf  ( f t .
L V f t  J
hf (  ft '
J  J  * wtr
r \  ft j
( f t slurrv x SG
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3.4.S.3 Bedload pressure drop
The bedload pressure drop is determined using the Durand equation:
A p „ = 8 2 x a Pira„ x < lii -
gD(SGM  - 1)
y 2^
Eq. (3.25)
Eq. (3.25) can be rewritten as follows:
Eq. (3.25a)
In Eq. (3.25a) the value of A is determined as follows:
A = 82 x Apwater x ' 8 0 ( S G ^ - l ) l U Eq. (3.26)
V2




The value of the constant A is found in cell 0106 of the spreadsheet
The value of is obtained from Column (8 ). Recall that Column (8 ) is the volume 
percent of each particle size for the bedload. Calculations for Column (8 ) is discussed in 
section 3.4.5.1.
The drag coefficients for each particle size is determined using properties of water 
only. These calculations are discussed in section 3.4.3 of the water calculations. The drag 
coefficient for each particle size is listed in Column (11) of the first iteration.
The bedload pressure drop for each particle size uses the Durand equation, (Eq. 
(3.25a) and Column (12)). The total pressure drop for the bedload is the summation of 
Column (12) and given in cell 0131 as 0.00382 ft** /ft.
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3.4.5.4 Total slurrv pressure drop
The total pressure drop for the slurry is the sum of the total pressure drop of the 
vehicle and the total pressure drop of the bedload.
The previously calculated friction loss for the first iteration was 0.0172 fW ft, which is 
31.3% less than the new value. Since the difference between the two results is greater than 
5 percent, another iteration is performed. The spreadsheet gives another three iterations for 
a total of five iterations.
3.4.6 Third. Fourth, and Fifth Slurrv Iterations
Description of the third iteration is made for completeness since the stepwise process 
is slightly different than for the first two iterations. The fourth and fifth iterations have the 
same stepwise procedure as the third iteration. Thus a detailed discussion of the third 
iteration is necessary. Fig. 3.7 shows the overall sequence of the calculations for the third, 
fourth, and fifth iterations.
Recall that the friction loss for the slurry for the second iteration is 0.14836 fW ft- 
Thus the total friction factor for the slurry is determined by the following equation:
* P , l u n y = & P  vehicle h P b e tlo a d Eq- (3.27)
This summation is given in cell Q130 as shown below:
0.01681 +  0.00382
Eq. (3.27a)
0.02062
fs lu r ry
lotahturry Eq. (3.20b)
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THIRD, FOURTH, AND FIFTH ITERATION)
SLURRY FRICTION FACTOR (tftess)
SLURRY FRICTION VELOCITY (dless)















PRESSURE = PRESSURE + PRESSURE 
DROP DROP DROP
Fig. 3.7. Overall Sequence of Spreadsheet Calculations 
for the Third, Fourth, and Fifth Iterations
Thus for the example problem and third iteration:
2
J s lu m
4 x 102| | x 1.3649
ft*, = 0-00402
W O  E*  (3'20C)
I  sec2
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Friction velocity is determined using the total pressure drop by the following equation:
3.4.6.1 Settling velocity
There are three ways to determine settling velocity depending on the particle 
Reynolds number. The three regions of Reynolds number are depicted in Fig. 3.1 and are 1) 
Stokes Law regime, 2) Intermediate regime, and 3) Newton Law regime.
The Stokes Law regime applies for particle Reynolds numbers between 0.0001 and 
1. In the Stokes Law regime, as described in section 3.3.3.1, the settling velocity is 




18 p f  v
An example calculation is done for the clay size fraction:
18 p f v
Eq. (3.15e)
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Using the settling velocity computed by Eq (3.17d) and the particle diameter, a Reynolds is 
computed. For the example clay fraction in the slurry vehicle, the particle Reynolds number
is:
Since Re < 1, the settling velocity is in the Stokes Law regime.
In the intermediate regime, particle Reynolds numbers are between 1 and 1000. In 
this region, the relationship between Reynolds number and drag coefficient is more complex 
as described in section 3.4.3.2.
An example calculation is done for the 40-mesh size fraction. The first step is to 
estimate the settling velocity using the small grain formula as follows:
k e  = Eq. (3.111)
2.043 x I0 " s
Re =  0.00118
18 p f v
w = x (0 .0 0 1 3 9 4 4 )2 Eq. (3.15f)
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Next, the particle Reynolds number is computed:
Re =  ^
0.1665f— J x 0.0013944(/r)
\  S6C /
Re = ----------------- T— X  Eq. (3.11j)
2.043 x lO "5 £ - \
\s e c j
Re =  11.4
Since Re > 1, Stokes Law does not apply.
The diameter term C0Re2 is determined as follows:
CD Re2 =
4 g ( p , - p / )c/3
3p f v2
4 x 3 2 2 ^ ^ ^ (1 6 8 3 2  -85 .1 )^ -^ j(0 .0 0 1 3 9 4 4 )3( / / 3) 
3 x 8 5 . ( ^ ) x ( 2 . 0 4 3 x , 0 - ) ^ )
C0 Re2 =  272.8
From Table 3.2 the value of Re is determined as follows:
£ e _  ̂q(-M 2672161+0.81324362* log(272.8))
Re = 7.15





w =  ■
7.15 x 2.043 x 10_sf —  
Vsec,
0.0013944(7?) Eq. (3.11k)
w =  0 .1 0 5 ]^ -) 
vsecV
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The Newton Law regime is for Reynolds numbers between 1000 and 200,000. In the 
Newton Law regime, the drag coefficient, CD , is a constant equal to 0.4 and independent of 
Re. In the Newton Law regime, the settling velocity is determined using the following large 
grain formula:
The settling velocity calculated from the Newton Law regime is compared to the 
settling velocity of the intermediate regime and the larger settling velocity between these two 
regimes is used as the settling velocity.
3.4.6.2 C/C* criteria
The C/CA criteria determines how the volume percent of each fraction is divided 
between the vehicle and the bedload. To use the C/C* criteria, the volume percent of each 
mesh size fraction is first determined using the equation:
Volume percents of each size fraction is given in Column (4) of each detailed iteration.
Eq. (3.18)
Using the 10-mesh particle size as an example:
w =
3 3 3  x (1 6 8 3 2  -  85.1) x 0.0065617 T 5
85.1
Eq. (3.18c)
Cv =  C „(% ) x W gl(frac) Eq. (3.22)
Using the clay-size fraction as an example:
C„ = 5 2 .9 x 0 2 1 4 6  
Cv = 11.355
Eq. (3.22b)
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Next, the value of C/CA is determined for each size fraction using the following
formula:
where w = settling velocity (ft/sec)
3 = 1 (Wasp, 1977) 
k = 0.4 von Karman constant 
H* = frictional velocity
Eq. (3.20) is determined in a two-part process shown in Columns (5) and (6 ). Column (5) 
computes the value of Z according to the following formula:
Note that the values of settling velocity and friction velocity used in Eq. (3.24) and listed in 
Column (5) are taken from the previous iteration. Column (6) computes the value
In order to get the volume percent of each size particle in the vehicle, the volume 
percent of each size particle is multiplied by it respective C/CA value. This is done in Column
(7) which multiplies Column (4) and Column (6 ) to give the volume percent of each size 
particle that is found in the vehicle. The sum of the volume percent for the vehicle for all 
particle sizes gives the total volume concentration for the vehicle and is found at the bottom 
on Column (7). For the third iteration, the volume concentration of solids in the vehicle is 
21.48% found in cell J165.
Next the volume percent of each particle size for the bedload is determined by the 
subtraction of the total volume fraction of the particle size, Column (4), and the volume 
fraction found in the vehicle. Column (7). This subtraction is done in Column(8), which
Eq. (3.23)
Eq. (3.24)
of 10 • or 10(' 18Z) to obtain the value of —— according to Eq. (3.23).
A
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subtracts Column (7) from Column (4). Column (8 ) gives the volume percent for each particle 
size found in the bedload. The sum of the volume percent for the bedload for all particle 
sizes gives the total volume concentration for the bedload which is found at the bottom on 
Column (8 ). For the second iteration, the volume concentration of solids in the bedload is
1.52%.
3.4.6.3 Vehicle properties and pressure drop calculations 
The slurry density is determined as follows:
Cw





 x 2.7 -
100 cm' V. 100 J \cm  J
P  slurrv =  1-3651
Slurry density is then converted into English units as follows:










P  slurry- =85.1
Jb
fr
The viscosity of the slurry is estimated using the following formula: 
? * * , ( < * > )  =  d c p )  X [ l  +  (2 5 C . +12 c ;  + 20C1.  )]
Eq. (3.2c)
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V n u n y  =  U3(c/>) X  | l  +  (25 X  02148 +12 X  (0 2 148)2 +  20 x  (0 2 148)3)J 
Mduny =  259(cp)
The conversion of viscosity to English units is as follows:
Mshny =  r f f P ) x  6.72562 x 10' 
Psiuny = 2 3 9  X  6.72562 x I 0 -4
^ - lWx,0" 6 n = )
ft-sec  j
cp
Another English conversion for kinematic viscosity is as follows:
^ slurry
t - T - )\. ft-secJ
P shtrrA  /- 3
Jb




• W  =  2.044 x 10
1 -Vsec>
The Reynolds number for the slurry is determined as follows:
Re
VDp




1.74 x 10-31 lb  >
V f t  • sec,
=  1,067,341
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Therefore the friction loss for the slurry vehicle is given by:
hf ( f t )  4 /K 2














Converting the friction loss of the slurry vehicle into feet of water is as follows:
=  00I232(^ J 2L) x SG^ -
h f ( f K  '
Z A  f t  
hf  ( f t -
= 0.01232





3.4.6.4 Bedload pressure drop
The bedload pressure drop is determined using the Durand equation:
P̂bed — {CD
0.7S Eq. (3.25b)
Recall that the value of A is constant and previously calculated for the Atchafalaya example 
to be 0.8337 as found in cell 0106. The value of <t>bed is obtained from Column (8 ). Column
(8) is the volume percent of each particle size for the bedload. Calculations for Column (8 ) is 
discussed in section 3.4.5.1.
The drag coefficients for each particle size is determined using properties of water 
only. These calculations are discussed in section 3.4.3 of the water calculations. The drag 
coefficient for each particle size is listed in Column (11) of the first iteration.
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The bedload pressure drop for each particle size uses the Durand equation, (Eq. 
(3.25a) and Column (12)). The total pressure drop for the bedload is the summation of 
Column (12) and given in cell 0165 as 0.00378 fW  /ft
3.4.6.5 Total slurrv pressure drop
The total pressure drop for the slurry is the sum of the total pressure drop of the 
vehicle and the total pressure drop of the bedload. This summation is given in cell Q164.
The previously calculated friction loss for the second iteration was 0.01721 fW ft, 
which is 16.5% less than the third iteration. The fourth iteration gives a pressure drop of 
0.02059 fW ft making the difference only -0.2% between iterations. The spreadsheet gives a 
total of five iterations.
3.5 USE AND VERIFICATION OF THE SLURRY.XLS SPREADSHEET
The SLURRY.XLS spreadsheet was used to determine the pressure gradient needed 
to transport various sizes of particles. This exercise uses the same values as the Atchafalaya 
examples using a constant 18 ft/sec operational velocity and changing only the particle sizes. 
The results presented in Fig. 3.7 show that pressure requirements dramatically increase for 
sand particle sizes greater than 0.08 mm which is the very fine sand and coarser particles.
The SLURRY.XLS spreadsheet was verified against actual field experiments using 60 
x 100 mesh sand slurry (Wasp et al„ 1977). Frictional loss obtained by the field experiments 
are compared to those obtained from the spreadsheet and plotted in Fig. 3.8 and listed in 
Table 3.6. The spreadsheet predicts the pressure drop to within 12% of the actual pressure
slurry ~  vehicle +  4 P  bedload
0.01681 +  0.00371 Eq. (3.27b)
0.0206
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drop for diameters between 6.24 and 12.4 inches and to within 24% of the actual pressure 
drop in 3.235 inch diameter pipe case. In the small diameter cases, the computer program 
warns that the flowing velocities were below the critical velocity needed to keep the particles 
in suspension.
0.1






Fig. 3.8. Particle Size versus Pressure Gradient
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6 Pipe Diameter (in)
10 2
Fig. 3.9. Comparison of Predicted versus Actual Pressure Gradients 
for Different Pipe Diameters and Sand Concentrations
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Table 3.6. Comparison of Predicted versus Actual Pressure Gradients 
for Different Pipe Diameters and Sand Concentrations
Actual Predicted
Friction Friction Percent
Pipe Slurry Critical Loss Loss Difference Difference
Diameter Cone. Velocity (ftwtr (ftwtr (ftwtr
(Inches) (Vol%) (ft/s) /100ft) /100ft) /100ft) (%)
2.056 36.7 4.8 14.61 8.72 * •
2.056 23.7 4.5 8.57 6.18 * *
2.056 12.2 3.9 6.5 4.05 * *
4.235 37.9 6.4 8.13 6.21 1.92 0.2362
4.235 23.9 5.6 5.05 3.93 * *
4.235 11.6 5.6 3.96 3.23 • *
6.240 31.0 7.5 5.21 4.67 0.54 0.1036
6.240 22.8 7.3 4.27 3.91 0.36 0.0843
6.240 17.0 7.3 3.82 3.57 0.25 0.0654
6.240 11.4 7.2 3.38 3.19 0.19 0.0562
8.210 28.2 7.7 3.47 3.41 0.06 0.0173
8.210 22.8 7.8 3.17 3.22 -0.05 -0.0158
8.210 17.7 7.9 2.89 3.04 -0.15 -0.0519
8.210 11.1 8.1 2.73 2.86 -0.13 -0.0476
10.360 35.0 8.7 3.83 3.58 0.25 0.0653
10.360 29.0 8.3 3.05 3.02 0.03 0.0098
10.360 23.2 8.8 2.99 3.07 -0.08 -0.0268
10.360 17.6 8.8 2.78 2.82 -0.04 -0.0144
10.360 11.6 8.7 2.47 2.51 -0.04 -0.0162
12.400 28.1 9.2 2.72 2.91 -0.19 -0.0699
12.400 25.0 8.5 2.27 2.43 -0.16 -0.0705
12.400 23.9 8.6 2.22 2.44 -0.22 -0.0991
12.400 17.7 9.1 2.20 2.45 -0.25 -0.1136
12.400 13.4 9.1 2.05 2.29 -0.24 -0.1171
Denotes that computer program warns that velocity is too low.
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3.6 INTRODUCTION TO CONSOLIDATION SPREADSHEET PROGRAM
The consolidation spreadsheet program (CONSOL.XLS) was written to estimate the 
amount of marsh settlement expected with time after a hydraulic fill placement The 
consolidation spreadsheet program determines subsidence as a result of three factors. 
These factors are 1) consolidation and displacement of the different soil layers including the 
hydraulic fill, 2) area subsidence, and 3) organic decomposition as illustrated in Fig. 3.9 using 






















Pre-Dredge Post-Dredge 100 yrs
(VALUES WITHIN BOXES ARE THICKNESSES IN FEET)
Fig. 3.10. Effects of Consolidation, Subsidence, and 
Organic Decomposition for the La Branche Area, Station 7 Example Problem
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3.6.1 Input/Output
Like the slurry spreadsheet program, the consolidation spreadsheet program has an 
input/output area in the upper (eft hand comer of the spreadsheet Input values are divided 
into characteristics of the dredge material, fill area foundation layers, and fill area 
characteristics. Like the slurry program, all input values needed are boxed. When using the 
spreadsheet needed input values also appear in red. Table 3.7 shows the input area of the 
consolidation spreadsheet for the La Branche Area, Station 7 example problem case.
Table 3.7. Input Values for the CONSOLXLS Spreadsheet 
for the La Branche Area, Station 7 Example Problem
INPUT
Field Name: La Branche, Station 7
Pre-dredge Elev. -0.8 ft NGVD









Dredge Fill 4.3 1 0.3 1.5 0.5 3.00E-04










Peat 12.8 0.772 3 1 3.00E-04
V. Soft Clay 11.4 0.55 1.5 0.5 3.00E-04
Area
Subsidence 0.13 cm/yr
Field name, pre-dredge elevation, and water table elevation for the fill area are typed 
in cells B2 through B4, respectively. Next, hydraulic fill material properties are placed in the 
area of the spreadsheet from cell A6 to cell G11. The initial elevation of the hydraulic fill
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materia! can be estimated from the dike elevation. The minimum thickness of the hydraulic fill 
is equal to the initial fill elevation minus the pre-dredge area elevation. For the La Branche, 
Station 7 example problem, the minimum thickness for the hydraulic fill is 4.5 feet Using the 
minimum thickness has been found to give excellent results. Hydraulic thickness greater than 
the minimum thickness can be used if the hydraulic fill displaces the foundation layers. The 
theory of hydraulic fill displacement is discussed in more detail in the next chapter for the La 
Branche restoration project Organic content is input in cell B10 and can be obtained from 
cores in the borrow or dredge area.
The moisture content is obtained from geotechnical testing. Initial w (moisture 
content) from the slurry can be determined using the following formula:
w = Eq. (3.28)
where w = moisture content (fraction)
Gs = specific gravity of solids (2.7)
Cv = volume concentration of solids in the slurry (fraction)
Derivation of this formula is given as follows:
w =  ——K  P - C . )  i |
K c. c. Eq. (3.29)
where W „ = weight of water
Ws = weight of solids




where Ps = density of solids (2.7 g/cm3)
Pm = density of mixture (g/cm3)
Cv = volume concentration of solids in the slurry (fraction)
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and pm =  Cvps +(1 -  Cv)pf  Eq. (3.31)
where pr = density of fluid medium (usually water = 1 g/cm3)
then Cw = ----------— r  Eq. (3.32)
p sCv + ( l - C v)p f
1 ( 1 - C vk
and -----=  1 +    Eq. (3.33)
C„ PSCV
Substituting Eq. (3.33) into Eq. (3.29) and assuming water as the carrier fluid, we get the final 
formula:
( 1 - C V)
*  =  V ■ '  Eq. (3.28)
The relationship between moisture content, w, and volume concentration, Cv is graphed in 
Figure 3.10.
Assumes:
Gs = 2.7 
100% Saturation
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Volume Concentration, Cv (fraction)
Fig. 3.11. Relationship of Moisture Content, w, with Volume Concentration, C,
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The initial void ratio, eo , coefficient of consolidation, Cc , and coeffident of 
compressibility, c * , are obtained from the consolidation tests of cores. Various values for 
coefficient of consolidation, Cc , and the initial void ratio, eo , for different soil types occurring 
in South Louisiana are listed in Table 3.8 as determined by Kuecher, 1994 using a modified 
liquid nitrogen coring device.
Table 3.8. Coefficients of Consolidation and Initial Void Ratios 









Spartina Soil 4.717-5 7.69
Bay Mud 0.861 1.58
Pro-Delta Upper 1-3 3.10
Pro-Delta Lower 1-3 4.67
Natural Levee 0.123 0.73
Mouth Bar Sand Facies 0.115-0.227 0.9
Mouth Bar Organic Facies 0.115-0.227 1.61
Beach Sand 0.047 0.66
Point Bar Sand 0.063 1.30
The coefficient of compressibility can also be obtained from Table 3.9.
Table 3.9. Typical Values for Coefficient of Compressibility 
(Lambe and Whitman, 1969)
Undisturbed
Liquid Lower Limit Virgin Upper Limit 
Limit Recompression Compression Remolded
30 3.5 x 10-2 5x10-3 1.2x10-3
60 3.5x10-3 1 x 10-3 3x10-4
100 4 x 10-4 2x10-4 1 x 10-4
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Input values for area subsidence are obtained from geologic studies of various 
coastal areas (Penland and Ramsey, 1990). Typical values for South Louisiana are between 
0.8 and 1.3 cm/year.
3.6.2 Detailed Calculations
This section describes the detailed calculations for the hydraulic fill, the fill foundation 
layers, area subsidence, and organic decomposition. In this section, the general calculation 
sequence for each layer is described first, then detailed example calculations for each layer 
are given.
First, the wet unit weight for each layer is determined from the moisture content by 
using the following formula:
The pre-dredge and post-dredge effective stress for each layer is then determined at mid­
depth for the respective layer. Using the effective stress, the maximum consolidation 
settlement can be determined from the following formula:
(1 + w)Gsy w
r  = ------------ ^ — Eq. (3.34)
where y = wet unit weight (lbs/ft3) 
w = moisture content (fraction)
Gs = specific gravity of solids (2.7) 
yw = water unit weight (62.34 lb/ft3)
S = degree of saturation (fraction)
Eq. (3.35)
where AH = settlement (ft)
Cc = coefficient of consolidation (dimensionless);
(obtained from the slope of the e vs. log p graph)
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H = height of drained layer (ft); 
eo = initial void ratio (dimensioniess) 
p = future effective stress (tons/ft2) 
po = initial effective stress (tons/ft2)
The time to reach this maximum settlement is determined by using the coefficient of 
compressibility, cv, in the following formula:
where Tv = dimensioniess time factor
cv = coefficient of compressibility (cm2/sec) 
t = time in seconds
H = height of the foundation layer, if drained in both directions then value is (H/2)
The dimensioniess time factor is then used to determine the percent of consolidation, U, for 
the specified time. The determination of the percent of consolidation, U, from the 
dimensioniess time factor, Tv, involves interpolation using Table 3.10.
Table 3.10. Expression of U as a function of Tv 
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The interpolation is done using a series of rows and columns to systematically determine the 
value of percent primary consolidation. For each soil layer, once the lowest value is obtained 
all subsequent values are also calculated in columns E through N. Later these subsequent 
values are eliminated in columns O through P for each layer. Column Q results in the correct 
value for the percent primary consolidation for each layer. The total settlement for the layer is 
then the percent primary consolidation times maximum total settlement as follows:
Area subsidence is determined in the spreadsheet in cells A92 to G107. Subsidence 
is assumes a linear relationship with time. Exponential relationships of subsidence with time 
can be easily substituted if desired. The current formula used in the spreadsheet for an area 
subsidence of 1.3 cm/yr after one year is shown as follows:
Lastly, the organic decomposition contribution to the total subsidence is determined. 
Organic decomposition is determined in cells A111 through G124. Organic decomposition 
mainly occurs above the water table and thus would normally involve the hydraulic fill 
material. The organic decomposition of the hydraulic fill is dependent on the thickness and 
organic content above the water table. Normalized values of organic decomposition for South 
Louisiana (Dickson, 1997) were determined for respective time periods. Statistical analysis of 
these values revealed the following formula for organic decomposition:
S=UxAH Eq. (3.37)
yr 254cm Min Eq. (3.38)
= 0.0421 ft
abow.wtrtbf x forg x 0.097eQOO,< Eq. (3.39)
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where Sorgaecomp = settlement due to organic decomposition (ft) 
HaboM.woiti ~ thickness above the water table (ft) 
forg = organic fraction (fraction) 
ty,s = time (years)
For example, a hydraulic fill 4 feet above the water table and having a 10% organic content 
has an organic decomposition settlement of only 0.095 feet after 100 years.
3.6.2.1 Hydraulic fill laver
A slurry containing 27% solids by volume has an initial moisture content of 1 
according to Eq. (3.28) and Fig. 3.9. Thus the initial wet unit weight for the hydraulic fill is 
determined as follows:
If the final moisture content for the hydraulic fill is tested at 30%, the final saturated wet unit 
weight (below water table) is determined as follows:
Final wet unit weight above the water table is determined as follows (at saturation = 71%
(I + w)Gsyw 
Y = ---------'--------
(1 + 1)2.7x62.34




y  =  90 .9827-^ r-
f i 3
(I + w)GsyK
r  = T7T -
Eq. (3.34b)
1
y =  120 .8 9 1 -^ -
f i 3
saturation):






, 0 3 x 2 7  -  Eq (3 34C)
l + l 7 r
/ =  102309-^-
y?3
The initial effective stress at mid-depth for the hydraulic fill is determined in cell F27 using the 
following formula:
t r - r . )  j  
P o M  = 2000 
(90.9827-6234) —
p0 = ----------------------------—  Eq. (3.40)
yo 2000
p0 =  0.03079 \tsf
In cell F28, a test is made to see if the mid-depth of the hydraulic fill is above or below the 
water table. If the mid-depth elevation of the hydraulic fill is above the water table, the 
following formula is used to calculate the final p„«:
K?
PnuAtSf )  = 2000
102309 
P m i J  =  2000 E q ' ( 3 ' 4 1 }  
Pnuj =0.10987r.v/
If the mid-depth elevation of the hydraulic fill is below the water table elevation, the following 
formula is used to calculate the final :
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f - Elevwmbl) (y^-yJiElev -̂Elev,, ,̂,)
p ^ M = — -— ^ ------------- - + ----------------------- ^ ----------------------2000 2000
Eq. (3.42)
The effective stress at the bottom of the hydraulic fill, ptmn . is determined as follows:
/  ( ?  sat\ ~  hydfiU ~  E l s V wtrtbl )) ( r  um at
p ham(ts f)   ------------------ ----------------------------------------- —H------------   -
ybamy ’  2000 2000
(120.89 -  62.34X43 -  (33 -  0.8)) 102209 x (33  -  0.80)
Pham 2000 + 2000
Pham = 0.18482tsf
Eq. (3.43)
The maximum amount of settlement for the hydraulic fill is:
^ =C' 7 i r V >8( ~ )(l + e0) VPoJ 
(43 ) 0.109875
1 +  13 
Atf =  0 .47513/
^ = 0 5 ( ^ 4 ™ ^ - )  Eq. (3.35a,
( 1 5 )  v 0 .030791/
The dimensioniess time factor, Tv, for 0.25 years is given as follows: 
c j
r .  =
3x10 '
f  2 \
if cm \m 3.048 y? 365d  86400sec
V sec
T  ---------------------
1002c/w2 lm 2 I y r  \d
x 025yrs  x  x
(t )
Tv =  0.475358
Eq. (3.36a)
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For the dimensioniess time Tv = 0.475358, the corresponding percent consolidation factor, U, 
is determined to be 0.74412 using interpolation. Thus after 0.25 years, the hydraulic fill 
consolidation settlement can be computed as follows:
S = C f * A H
S =  0.74412 x 0.475128f t  Eq. (3.37a)
S = 035355f t
Table 3.11 below lists the consolidation settlement results at other time periods for the 
hydraulic fill.
Table 3.11. Settlement Results for the Hydraulic Fill,




Time Tv U Fill
(yrs)_______ (d’less)_______(d'less)________ (ft)
0 0.00000 0.0000 0.0000
0.25 0.45400 0.7311 0.3554
0.5 0.90799 0.9000 0.4376
1 1.81599 0.9000 0.4376
2 3.63197 0.9000 0.4376
4 7.26394 0.9000 0.4376
8 14.52789 0.9000 0.4376
25 45.39964 0.9000 0.4376
100 181.59857 0.9000 0.4376
150 272.39786 0.9000 0.4376
3.6.2.2 First foundation laver
The first foundation layer in the La Branche Area, Station 7 example problem is peat. 
Detailed calculations for the first foundation layer are found in cells A49 through AH71. The 
peat layer has a thickness of 12.8 ft and moisture content of 0.772. Thus the initial wet unit 
weight for the peat layer is determined as follows:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
105
( i +w )G sr w 
i + ^ s
(1+  0.772)2.7 X  6234
r - ~ - - o.7i 2 T 2. i - Eq(334d)
1 +  -




The initial effective stress at mid-depth for the peat (pre-dredge) is determined in cell F53 
using the following formula:
( r - r . ) y  
P o M  -  2000
12 o
(96.6994 -  6234) —
p » = ---------------------2555-------------- ~  E q ( 3 ' 4 0 a )
p0 = 0.10995/a/
The post-dredge effective stress at mid-depth, , for the peat layer is found in cell F54 and 
is determined as follows:
Pmid{^Sf )  — Po +  Phydpu
Pnud = 0.10995 +  0.184823 Eq. (3.44)
Pmid ~  029A 112tsf
The pre-dredge effective stress at the bottom of the peat layer, Potttm , is determined as 
follows:
„  ( o f \  = ( r - i - r . X f f )
'  2000 
(96.6994 -  62.341(12.8) 
P“ *" =  200 0  E Q ( 3  45) 
Pobmt =  0-21 99/a /
The post-dredge effective stress at the bottom of the peat layer, p6mn„ is determined as 
follows:
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Pbam{tSf )  ~  Pobam +  Pbamjtytfill
pbttm = 02199 +  0.184823 Eq. (3.46)
^ = 0 .4 0 4 7 2 3 /^
The maximum amount of settlement for the peat layer is:
{H )  ' P_
ypO'
W  = Ccj f - ^ -  log 
( l + e o)
a (12.8) f 0294773^1
A H  =  17 ----- -r log --------------  Eq. (3.35b)
(1 +  3) V 0.10995 J
A H  =  13705ft





cm2]  I m2 3.0482/?2 n _c 365d  86400 sec
  x ------ ;— -  x —----- f —  x 0 2 5 yrs x --------- x





\  Z J
Tv = 0.053645
Eq. (3.36b)
For the dimensioniess time Tv = 0.053645, the corresponding percent consolidation factor, U, 
is determined to be 0.2566 using interpolation. Thus, after 0.25 years, the peat settlement is:
S = U x A H
S =  02566 x 1.3705f t  Eq. (3.37b)
S = 035177?
Table 3.12 lists the consolidation settlement results at other time periods for the peat layer.
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Table 3.12. Settlement Results for the Peat Layer, 
La Branche Area, Station 7 Example Problem
Primary 
Consolidation 
Time Tv U Peat
(yrs) (d'less) (d’less)______ (ft)
0 0.00000 0.0000 0.000
0.25 0.05365 0.2566 0.352
0.5 0.10729 0.3662 0.502
1 0.21458 0.5206 0.714
2 0.42917 0.7160 0.981
4 0.85834 0.9000 1.233
8 1.71667 0.9000 1.233
25 5.36461 0.9000 1.233
100 21.45842 0.9000 1.233
150 32.18764 0.9000 1.233
3.6.2.3 Second foundation layer
The second foundation layer in the La Branche Station 7 problem is very soft clay. 
Detailed calculations for the first foundation layer are found in cells A74 through AH96. The 
very soft clay layer has a thickness of 11.4 ft and moisture content of 0.55. Thus the initial 
wet unit weight for the very soft clay layer is determined as follows:
(1 +  w)Gsy w
/  =
(1 +  0.55)2.7x62.34
7 ~  . 0.55 x 2.7 Eq' (3‘34e)
1 +




The initial effective stress at mid-depth for the very soft clay (pre-dredge) is determined in cell 
F77 using the following formula:
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~  Y w )~
Po (tsf )  2000 +  PolayerX
11 4
(104.987 -  6234)  ——
p° = ------------ 2000-------- — + 02199  E<i- <3-47>
pQ =  034144/5/"
The post-dredge effective stress at mid-depth, p ^ , for the very soft clay layer is found in cell 
F78 and is determined as follows:
P n u c M  = Po+Pwm
pmd = 034144 +  0.184823 Eq. (3.44a)
Pnad = 0326267/5/
The pre-dredge effective stress at the bottom of the very soft clay layer, Poutm., is determined 
as follows:
Pobttnt v J } 2000 Po&ftntlexy&ri
(104.987 -  6234X11.4)
Pnom = 1------------2000----- ------ +  0 2 199 Eq* (348)
Potam =  0.462988/5/
The post-dredge effective stress at the bottom of the very soft clay layer, p^m , is determined
as follows:
Pbnm{tSf )  — Pftbttm +  PbttmJiydfiU
Pham =  0.462988 +  0.184823 Eq. (3.46b)
pbam =0.647811/5/
The maximum amount of settlement for the very soft clay layer is:
A //= c ' f i r V >8( l + eo)
f  '
>■ A)
. rj AC (11.4) . ( 0326267^
AH  =  0.5Z 1 -r lo g l--------------  Eq. (3.35c)
( +13) V0.341444/
AH  =  0 .428382/
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3.0482 f t 2 265d 86400sec
x -;—  x 025yrs x  x
\m ly r Id
= 0.06763
Eq. (3.36c)
For the dimensionless time Tv = 0.06769, the corresponding percent consolidation factor, U, 
is determined to be 0.292192 using interpolation. Thus after 0.25 years, the very soft clay 
consolidation settlement can be computed as follows:
S = U * A H
S =  0292192 x 0.428382f t  Eq. (3.37c)
S = 0.12517ft
Table 3.13 lists the settlement results at other time periods for the very soft clay.
Table 3.13. Settlement Results for the Very Soft Clay Layer,











0 0.00000 0.0000 0.000
0.25 0.06763 0.2922 0.125
0.5 0.13526 0.4132 0.177
1 0.27053 0.5828 0.250
2 0.54105 0.7842 0.336
4 1.08210 0.9000 0.386
8 2.16420 0.9000 0.386
25 6.76314 0.9000 0.386
100 27.05254 0.9000 0.386
150 40.57881 0.9000 0.386
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3.6.2.4 Total settlement
The total settlement of the fill area is the combination of the consolidation settlements 
of the various layers, area subsidence, and organic decomposition. Table 3.14 lists these 
results for the La Branche Area, Station 7 example problem.
Table 3.14. Total Settlement Results for the 
La Branche Area, Station 7 Example Problem
Settlement Total
Hydraufic Settlement Settlement Area Organic Settlement
Time F * Peat V. Soft Clay Subsidence Decomposition with Ml
(yrs) (ft) (ft) (ft) (ft) (ft) (ft)
0 0.0000 0.000 0.000 0.0000 0 0.000
0.25 0.3536 0.352 0.125 0.0011 0.026249 0.858
0.5 0.4276 0.502 0.177 0.0021 0.026308 1.135
1 0.4276 0.714 0250 0.0043 0.026427 1.422
2 0.4276 0.981 0.336 0.0085 0.026666 1.780
4 0.4276 1233 0.386 0.0171 0.027150 2.091
8 0.4276 1233 0.386 0.0341 0.028145 2.109
25 0.4276 1233 0.386 0.1066 0.032798 2.186
100 0.4276 1233 0.386 0.4265 0.064417 2.538
150 0.4276 1233 0.386 0.6398 0.101026 2.787
Total settlement subtracted from initial fill elevation results in the predicted elevation. Table 
3.15 lists these resulting elevations for the La Branche Area, Station 7 example problem. The 
consolidation model is verified using actual field case studies which are described in the next 
chapter, Chapter 4. The predicted elevation results for the La Branche Area, Station 7 
example problem are within 5% of the actual elevation readings as shown in Table 3.16 and 
Fig. 3.11.
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Table 3.15. Predicted Elevation Results for the 
La Branche Area, Station 7 Example Problem
Total
Settlement Elevation 












Table 3.16. Predicted versus Actual Elevation Results for the 
La Branche Area, Station 7 Example Problem
Total
Settlement Elevation Actual Percent
Time with fill with fill Elevation Difference
(yrs) (ft) (ft) (ft) (%)
0 0 3.5 0 0
2.0833 1.7804 1.7196 1.80 -0.0447
2.1667 1.7998 1.7002 1.70 0.0001
2.3333 1.8377 1.6623 1.60 0.0389
2.5 1.8757 1.6243 1.60 0.0152
2.5833 1.8947 1.6053 1.60 0.0033
2.75 1.9246 1.5754 1.60 -0.0154
2.91667 1.9501 1.5499 1.60 -0.0313
3.08333 1.9756 1.5244 1.50 0.0163
3.1667 1.9870 1.5130 1.50 0.0087
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Time (yrs)
Fig. 3.12. Comparison of Predicted versus Actual Elevation, 
La Branche Area, Station 7 Example Problem
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Chapter 4. Case Studies
Two case studies were studied to determine the accuracy of the consolidation 
spreadsheet described in chapter 3. Both projects have elevation surveys of marsh areas in 
South Louisiana that recieved pipeline-conveyed sediments. Fig. 3.1 shows the location of 
these two study areas. The La Branche study area, located on the southwest shores of Lake 
Pontchartrain, was an attempt to restore an intermediate marsh. The La Branche study area 
has both pre- and post-dredge elevation surveys. The Red Pass study area, located near 
Venice, Louisiana, was an accidental silt spill which occurred in a saline marsh. The Red


















Fig. 4.1. Location of Case Studies in Louisiana 
(after Alfonso and Broussard, 1993)
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4.1 LA BRANCHE RESTORATION PROJECT
The restoration of La Branche area wetlands is the first project constructed under the 
Coastal Wetland Planning, Protection and Restoration Act (CWPPRA), also known as the 
Breaux/Jonhston Bill (Broussard and Dickson, 1993). This project was the first attempt in 
Louisiana to restore a deteriorated area using pipeline conveyed sediments for the express 
purpose of creating vegetated wetlands. The La Branche Wetland Restoration Project began 
on December 14,1993 and was completed in April 7, 1994 (Broussard, 1997). The objective 
of the project was to transform about 360 acres of open water along the edge of Lake 
Pontchartrain (see Fig. 4.2) into intermediate marsh containing a variety of wetland species 
ranging from seagrasses and spartina to willows in order to accommodate various waterfowl 
and fishery habitats (Broussard, 1997).
LAKE
PONTCHARTRAIN











Fig. 4.2. Location of La Branche Restoration Project 
on Lake Pontchartrain 
(after McAnally and Berger, 1997)
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4.1.1 Location and Area Description
The La Branche restoration project is located about 22 miles west of New Orleans 
along the southwestern edge of Lake Pontchartrain in the Bayou La Branche Wetlands in SL 
Charles Parish, Louisiana. The western boundary is adjacent to the lower or east guide levee 
of the Bonnet Carre Spillway. The northern boundary is Lake Pontchartrain, and the southern 
boundary is near U.S. Interstate Highway 10 (see Fig. 4.3). Soils are Holocene in age down 










Fig. 4.3. Aerial View of Disposal Sites in La Branche Restoration Project 
(after Alfonso and Broussard, 1993)
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The La Branche wetlands consist of fresh and intermediate marshes (Broussard, 
1997; McAnally and Berger, 1997). Before the project, about 360 acres of open water existed 
as a result of long-term subsidence (Broussard, 1997). Occasionally, submerged cypress 
stumps were found in the area during initial surveys (Broussard, 1997). The disposal site 
consisted of two areas — 1) the primary disposal site area and 2) the overflow spill area. The 
primary disposal site was labeled “A", and the and overflow spill area was labeled *B* as 
shown in Fig. 4.3.
4.1.2 Geotechnical Evaluation
Soil borings were taken in the La Branche area prior to the restoration efforts by the 
Corps of Engineers, New Orleans District in-house drilling crew. All borings were taken with 
a wireline sampling rig mounted on the back of a swamp buggy (Broussard and Dickson, 
1993). This equipment setup was versatile being able to take cores in 10 feet of water in 
Lake Pontchartrain and in 1 foot of water for the restoration area (Broussard and Dickson, 
1993). Borings were 20 feet deep in Lake Pontchartrain and about 25 feet deep in the 
restoration areas (Dickson, 1997).
Eight soil borings (1-LB through 8-LB) were taken in and around the borrow area in 
Lake Pontchartrain in May of 1992 (Broussard and Dickson, 1993). Three of the eight soil 
borings (3-LB, 4-LB, and 5-LB) occurred within the borrow area. Fig. 4.4 shows the location 
of all soil borings in Lake Pontchartrain and the borrow area. Fig. 4.5 through Fig. 4.12 
present the results of water content classification, and description for the eight soil borings 
taken in Lake Pontchartrain. Appendix C has explanations for symbols and abbreviations 
used for classification, description, and color.
Four soil borings (9-LB through 12-LB) were taken in the fill area. Three of these 
borings (9-LB, 10-LB, and 11-LB) were taken in the primary fill area “A”. Boring 12-LB was 
taken in the overflow area “B" adjacent and to the east of area “A’ . Fig. 4.13 shows the 
location of these soil borings in areas “A" and “B". Fig. 4.14 through Fig. 4.17 present the 
results of water content, classification, and description.
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The soils in the restoration area consists of primarily highly organic peat with high 
water contents. These organic peats extend down to approximately -13 feet NGVD. The peat 
is underlain by a layer of lean (CL) to fat (CH) very soft clay and silty clay extending to the 
limits of the borings at approximately -25 feet NGVD. The peat layer is characterized by high 
water contents, having values usually greater than 100.
•  3-LB •  5-LB •  7-LB






Fig. 4.4. Location of La Branche Soil Borings in Lake Pontchartrain 
(after Alfonso and Broussard, 1993)












(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.5. Geotechnical Analysis and Descriptions of Core 1-LB, 
La Branche Study Area 
































(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.6. Geotechnical Analysis and Descriptions of Core 2-LB, 
La Branche Study Area 
(after Alfonso and Broussard, 1993)
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(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.7. Geotechnical Analysis and Descriptions of Core 3-LB 
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(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.8. Geotechnical Analysis and Descriptions of Core 4-LB, 
La Branche Study Area 
(after Alfonso and Broussard, 1993)
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(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.9. Geotechnical Analysis and Descriptions of Core 5-LB, 
La Branche Study Area 
(after Alfonso and Broussard, 1993)
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(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.10. Geotechnical Analysis and Descriptions of Core 6-LB, 
La Branche Study Area 
(after Alfonso and Broussard, 1993)













(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.11. Geotechnical Analysis and Descriptions of Core 7-LB,
La Branche Study Area 
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(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.12. Geotechnical Analysis and Descriptions of Core 8-LB,
La Branche Study Area 
(after Alfonso and Broussard, 1993)










Fig. 4.13. Location of Soil Borings within the Fill Sites, 
La Branche Study Area 
(after Alfonso and Broussard, 1993)
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(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.14. Core Analysis and Descriptions of Core 9-LB, 
La Branche Study Area 
(Alfonso and Broussard, 1993)
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(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.15. Core Analysis and Descriptions of Core 10-LB,
La Branche Study Area 
(after Alfonso and Broussard, 1993)
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(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.16. Core Analysis and Descriptions of Core 11-LB, 
La Branche Study Area 
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(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.17. Core Analysis and Descriptions of Core 12-LB,
La Branche Study Area 
(after Alfonso and Broussard, 1993)
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4.1.3 Elevation surveys
Detailed elevation surveys were performed along 7 transect lines for the entire La 
Branche restoration area. The elevation data is very useful in determining the resulting 
thickness of the hydraulic fill for the consolidation spreadsheet The elevation surveys 
revealed the following (Broussard and Dickson, 1993):
1) The average elevation within fill areas ‘A* and ‘B’ prior to the disposal was approximately 
-0.5 feet National Geodetic Vertical Datum (NGVD) (see Fig. 4.18 and Fig. 4.19).
2) The elevation within the borrow area located in Lake Pontchartrain ranged from -3.0 
NGVD to -10.0 NGVD.
3) Elevations in the perimeter of the wetland fill areas ranged from a minimum of 0.0 NGVD 
to a maximum of +4.5 feet NGVD along the south side of Lake Pontchartrain (northern 
boundary of the restoration sites).
















Fig. 4.18. Three-Dimensional Survey of La Branche Fill Site 
Prior to Hydraulic Fill Placement
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Fig. 4.19. Contour Plot of La Branche Fill Site 
Prior to Hydraulic Fill Placement
4.1.4 Area Management and Dredging Operations
Prior to hydraulic fill placement, retention dikes were constructed using a backhoe 
mounted on a marsh buggy. Closure and wier structures were also positioned along the 
perimeter of both fill areas. The dredge used was the Tom Jones’ which is a cutterhead 
dredge. Dredged sediments were excavated from the borrow site in Lake Pontchartrain, 
transported via a 30-inch pipeline, and placed directly within restoration area “A". Dredging 
in Lake Pontchartrain occurred down to about 20 feet Particle size distributions for the 
dredged sediments :at various dredging depths were done by Eustis Engineering Company,
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Inc. and are shown in Fig. 4.20. Wiers at various points along the eastern border of fill areas 
“A° and “B” permitted the overflow water to drain from area ‘A* east to area “B“ then east to 
the bordering drainage canal which flows into Lake Pontchartrain.
La Branche Restoration Project 













1 0.1 0.01 0.001 0.0001 
Grain Size (mm)
Fig. 4. 20. Particle Size Distribution of Dredged Sediments 
from Lake Pontchartrain Used in the 
La Branche Restoration Project
The discharge into primary area “A" created a series of mounds located at the end of 
several spur dikes which radiated into the center of area ‘A". No direct discharge was 
allowed within 1,000 feet of the Interstate 10 bridge. Approximately 2.4 million cubic yards of 
dredge sediment was placed within the restoration area to an elevation conducive to wetland 
development. (+4.0 NGVD).
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The theoretical shape of the hydraulic fill placement for the La Branche study area is 
given in Fig. 4.21. The hydraulic fill was expected to produce a cone of material between 400 
and 1200 feet in radius with an estimated crown elevation between +4.0 and +€.0 feet 
(Broussard and Dickson, 1993). Variations in radius and height depend on the type of 
foundation in the fill area. A firm foundation would result in a smaller radius and a higher 
elevation for the hydraulic fill. To spread the fill more evenly, the dredge pipes are 
occasionally moved to the interior areas. In firm foundations, the dredge pipe must be moved 
more frequently.
La Branche Wetland Restoration 
Conceptual Shape of Hydraulic Fill at Discharge
Radius of Cone
400' to 1200'
Mud W ave 
+3 to +5 +5
C O N E O F  H Y D R A U LIC  F ILL
PEAT
V. SOFT CLAY
Fig. 4.21. Conceptual Shape of Hydraulic Fill at Discharge, 
La Branche Study Area 
(modified after Broussard and Dickson, 1993)
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The foundation layers within the fill area are determined from cores and geotechnical 
tests including consolidation tests. Cores in the La Branche fill area showed that the fill area 
foundation consisted of a surface layer of highly organic peat down to -13 feet NGVD and a 
very soft clay layer extending to the depth of the core at 25 feet (Broussard and Dickson, 
1993). The existence of either or both of these layers in the upper 25 feet is common for 
interdistributary coastal marshes in South Louisiana (Kuecher, 1994).
In soft foundations, such as peat, the hydraulic fill may partially penetrate and 
displace the fighter peat layer. The displacement of the peat was expected to produce a 
“mud wave’ to elevations as high as +3.0 to +5.0 feet as shown in Fig. 4.20. Concerns of this 
predicted ‘mud wave’ affecting Interstate Highway 10 resulted in the requirement that all 
discharge pipes be located at least 1000 feet from Interstate Highway 10.
Following completion of the project, Louisiana State Department of Natural 
Resources had the area seeded primarily with “Japanese Millet” in June of 1994 (Broussard, 
1997). The seeding accidentally covered the levee and the interior fill areas (Broussard, 
1997). In the original plans, the levee was to deteriorate under natural erosion to permit 
some of the created wetland to be intertidal (Broussard, 1997). The seeding stabilized these 
levees and prevented the area from being intertidal (Broussard, 1997).
In April of 1996, nineteen permanent posts (4”x4"x20’ wooden posts) were positioned 
for periodic monitoring of the La Branche wetlands (Davidson, 1997). The position of these 
19 stations are shown in Fig. 4.22. Thus post-dredged elevation data starts approximately 2 
years after the dredging was completed. Note that some stations such as station 30 and 36 
occur along the dike levees. Stations 2, 12, 23, and 38 correspond to cores 9, 10, 11, and 
12, respectively. These four stations were chosen to run in the consolidation spreadsheet 
since they contain the most information than the other stations.
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0  CORE




Fig. 4.22. Location of the Post-Dredge Monitoring Stations 
in the La Brance Restoration Project
4.1.5 Input/Output Consolidation Spreadsheet
Input values for stations 2, 12, 23, and 38 are given in Table 4.1 through Table 4.4, 
respectively. Pre-dredge elevation surveys were used to determine the initial elevation of the 
four stations. Displacement of the peat layer is assumed not to have taken place on a large 
scale based on the amount of dredge material actually pumped into the fill areas. Output 
results for the four stations are given in Table 4.5 through Table 4.8 and graphed in Fig. 4. 23 
through Fig. 4.26. Predicted elevations are usually accurate to less than 10% of the actual 
elevations and are accurate to within 12% of the actual elevations.
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Table 4.1. Input Values for Consolidation Spreadsheet, 
La Branche Restoration Project, Station 2
INPUT
Field Name: La Branche -  Station 2
Pre-dredge Elev. -0.4 ft NGVD









Dredge F3 42. 1 0.3 1.5 0.5 3.00E-04












Peat 12.8 0.00 1.488 3 1 3.00E-04
V. Soft Clay 11.4 0.00 0.618 1.5 0.5 3.00E-04
Area__________
Subsidence | 0.13 | cm/yr
Table 4.2. Input Values for Consolidation Spreadsheet, 
La Branche Restoration Project, Station 12
INPUT
Field Name: La Branche - Station 12
Pre-dredge Elev. -0.8 ft NGVD









Dredge Fill 4.3 1 0.3 1.5 0.5 3.00E-04












Peat 12.8 0.00 0.772 3 1 3.00E-04
V. Soft Clay 11.4 0.00 0.55 1.5 0.5 3.00E-04
Area__________
Subsidence | 0.13 I cm/yr
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Table 4.3. Input Values for Consolidation Spreadsheet, 
La Branche Restoration Project, Station 23
Field Name: La Branche -  Station 23
Pre-dredge Elev. -1.1 ft NGVD









Dredge FM 5.1 1 . 0.3 1.5 0.5 3.00E-04












Peat 12.8 0.00 1.656 3 1 3.00E-04
V. Soft Clay 11.4 0.00 0.596 1.5 0.5 3.00E-04
Area__________
Subsidence! 0.13 | cm/yr
Table 4.4. Input Values for Consolidation Spreadsheet, 
La Branche Restoration Project, Station 38
INPUT
Field Name: La Branche - Station 38
Pre-dredge Elev. -0.8 ft NGVD









Dredge F3I 4.9 1 0.3 1.5 0.5 3.00E-04












Peat 12.8 0.00 1.598 3 1 3.00E-04
V. Soft Clay 11.4 0.00 0.666 1.5 0.5 3.00E-04
Area__________
Subsidence! 0.13 I cm/yr
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Table 4.5. Predicted verus Actual Elevation Results 

















2.0833 2.2275 1.5725 1.60 -0.0172
2.1667 22528 1.5472 1.50 0.0315
2.3333 23023 1.4977 1.40 0.0698
2.5 2.3518 1.4482 1.30 0.1140
2.5833 23766 1.4234 1.40 0.0167
2.75 2.4154 1.3846 1.38 0.0048
2.91667 2.4483 1.3517 1.30 0.0398
3.08333 24812 1.3188 1.30 0.0145
3.1667 24960 1.3040 1.45 -0.1007
Table 4.6. Predicted verus Actual Elevation Results 

















20833 1.8012 1.6988 1.80 -0.0562
2.1667 1.8203 1.6797 1.75 -0.0402
2.3333 1.8578 1.6422 1.55 0.0595
25 1.8953 1.6047 1.50 0.0698
25833 1.9141 1.5859 1.50 0.0573
2.75 1.9436 1.5564 1.65 -0.0567
291667 1.9686 1.5314 1.55 -0.0120
3.08333 1.9937 1.5063 1.50 0.0042
3.1667 20049 1.4951 1.50 -0.0033
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Table 4.7. Predicted verus Actual Elevation Results 

















2.0833 2.5689 1.3811 1.30 0.0624
2.1667 2.5977 1.3523 125 0.0818
2.3333 2.6542 1.2958
2.5 2.7108 1.2392 1.15 0.0776
2.5833 2.7390 12110 1.10 0.1009
2.75 2.7833 1.1667 1.15 0.0145
2.91667 2.8209 1.1291 1.15 -0.0182
3.08333 2.8585 1.0915 1.15 -0.0508
3.1667 2.8753 1.0747 120 -0.1044
Table 4.8. Predicted verus Actual Elevation Results 

















2.0833 25334 1.5666 1.50 0.0444
2.1667 25618 1.5382 1.45 0.0608
2.3333 26176 1.4824 1.40 0.0588
25 26735 1.4265 1.40 0.0189
2.5833 2.7014 1.3986 1.40 -0.0010
2.75 2.7452 1.3548 1.40 -0.0323
2.91667 27824 1.3176 120 0.0980
3.08333 2.8196 12804 1.40 -0.0854
3.1667 28362 12638 1.35 -0.0638
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Fig. 4.23. Comparison of Predicted versus Actual Elevation, 
La Branche Restoration Project, Station 2









La Branche Restoration Project 
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Fig. 4.24. Comparison of Predicted versus Actual Elevation, 
La Branche Restoration Project, Station 12
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Fig. 4.25. Comparison of Predicted versus Actual Elevation, 
La Branche Restoration Project, Station 23
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Fig. 4.26. Comparison of Predicted versus Actual Elevation, 
La Branche Restoration Project, Station 38
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4.1.6 Thickness of the Hydraulic Fill
The thickness of the hydraulic fill is very important to the restoration program. Table
4.9 and Rg. 4.27 shows the output results of the La Branche study area using the 
consolidation spreadsheet with 14 feet of hydraulic fill as suggested by the conceptual model 
in Fig. 4.21. In Fig. 4.27, curve (1) plots the elevation vs. time for the center of a typical 
hydraulic fill cone. Curve (2) shows the elevations versus time for the marsh surface without 
hydraulic fill. Note that curves (1) and (2) intersect at about 4 years. This intersection means 
that after about 4 years, the elevations of the hydraulic fill is lower than the surrounding 
marsh. The CONSOLXLS program was rerun for the La Branche study area using 8 feet of 
hydraulic fill. Fig. 4.28 shows the La Branche results if the program is rerun using 8 feet of 
hydraulic fill instead of 14 feet In the case of the smaller hydraulic fill thickness of 8 feet, the 
hydraulic fill surface elevation is always higher than the surrounding marsh. Thus the 
thickness of hydraulic fill placement is important to marsh elevation maintenance.
Table 4.9. Output Section for the La Branche Study Area Using CONSOL.XLS 
for 14 Feet of Hydraulic Fill Thickness
Total Total
Settlement Settlement Elevation Elevation 
Time with fill without fill with fill without fill
(yrs) (ft) (ft) (ft) (ft)
0 0.000 0.0 4.5000 -0.50
0.25 1.492 0.001 3.0076 -0.50
0.5 2.111 0.002 2.3889 -0.50
1 2.984 0.004 1.5158 -0.50
2 4.086 0.009 0.4135 -0.51
4 5.077 0.017 -0.5771 -0.52
8 5.172 0.034 -0.6720 -0.53
25 5.251 0.107 -0.7509 -0.61
100 5.614 0.427 -1.1141 -0.93
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La Branche Wetland Restoration Project
Estimated Elevation for 
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Time (years)
Fig. 4.27. Estimated Settlement for the Center of Hydraulic Fill, 
La Branche Study Area
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La Branche Wetland Restoration Project
Estimated Elevation for 
Center of Hydraulic Fill
-
(1) HYDRAULIC FILL = 8 FT
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Fig. 4.28. Estimated Settlement for the Center of Hydraulic Fill,
La Branche Study Area Using 8 Feet of Fill
The La Branche restoration effort is an excellent example of how quickly areas once 
lost to subsidence can be reclaimed using pipeline slurry transports. Actualy pumping on the 
job was completed in about one month. Thus 360 acres was reclaimed in just one month. By 
comparison the Caeanarvon project took 6  years before the first evidence of some land 
building was observed. Thus pipeline-conveyance of sediment is much faster at reclaiming 
land lost by subsidence.
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4.2 THE RED PASS STUDY AREA
The Red Pass study area also has detailed elevation data with time which allows 
confirmation of the consolidation spreadsheet Although the elevation data for the Red Pass 
study area begins after the fill event coring was performed after the fill event permitting 
determination of the hydraulic fill thickness.
The Red Pass study area is located near Venice, Louisiana (see Fig. 4.1). The area 
is remote and is accessible only by air boat The study area is triangular in shape and is 
bordered to the north, southeast, and west by oil field sen/ice canals (see Fig. 4.29 and Fig. 
4.30). The study area is enclosed by low levees built from the dredging of the service canals 
which occurred during the late 1950's and early 1960's. An abandoned pipeline canal runs 
adjacent to the southeastern boundary. In January of 1992, attempts were made to fill this 
pipeline canal using dredged sediments. Fine-grain silts and clays from the Gulf of Mexico 
were dredged and transported via pipeline to the abandoned pipeline canal. The pipeline 
canal was filled but low spots along the levees which border the study area permitted some of 
the dredge material to spill into the study area. The largest amount of silt spill was near the 
northeastern comer of the study area. This area has been studied since the occurrence of 
the silt spill in 1992 (Mendelssohn, 1996).
4.2.1 Sample Site Selection
Red Pass samples were taken in December, 1996 and May, 1997. Plant and soil 
delineation of the Red Pass are being investigated (Mendelssohn, 1997). These aerial 
delineations are shown in Fig. 4.30 and are discussed below:
The SAR-IV area is characterized by being closest to the spill point from the pipeline 
canal, and therefore has the thickest silt layer. The SAR-IV area encompasses 6.24 acres of 
the highest elevation in the study area. The SAR-IV area also has the highest Spartina 
alterniflora growth having reached heights of 6  feet shortly after the introduction of silt in 
1992. Current Spartina alterniflora heights are about 40 inches tall.







Fig. 4.29. Aerial View of Red Pass Sampling Sites 
(after Louisiana Oil Spill Coordinator and 
the Louisiana State University 
Department of Geography and Anthropology, 1996)














SITE 3 SAR IV
SARII
SITE 2
SITE 1PIPELINE Ci BOUNDARY
in
Distance from East Apex (ft)
Fig. 4.30. Map View of Red Pass Study Area Sampling Locations
The SAR-III area is characterized by intermediate closeness to the spill point from the 
pipeline canal. The SAR-III area encompasses about 20 acres of area. Spartina altemifiora 
growth in the SAR-III area was not as high as those of SAR-IV. Current Spartina alterniflora 
heights are about 36 inches tall.
The SAR-II area is characterized by being the farthest distance to the spill point and 
still containing some silt from the spill. The SAR-il area immediately adjacent to the SAR-III 
area encompasses 39 acres. Spartina alterniflora growth was visibly the lowest of all three 
sites.
Sampling the SAR IV, SAR III, and SAR II areas was performed in December of 1996 
and in May of 1997. In December of 1996, samples at the three sites were excavated and 
one core was taken at Site 1 using a plastic coring device. In May of 1997, a metal coring 
device was used to obtain cores at the various sites. Maximum coring depth was 30 inches. 
Detailed descriptions of coring devices and sampling procedures are provided in Appendix B.
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4.2.2 Geotechnical Evaluation
Geotechnical evaluations from both sampling dates for the three sites are presented 
in Fig. 4.31 through Fig. 4.33 Core descriptions shown in Fig. 4.31 through 4.33 illustrate the 
water content, classification, description, and soil color for the Red Pass sample sites. 
Descriptions of laboratory tests and detailed results on Red Pass samples are given in 
Appendix B. Explanations for classification, description, and color coding in are found in 
Appendix C.
Using the geotechnical results, Fig. 4.34 shows the cross-sectional interpretation for 
the Red Pass area. The soils in the Red Pass area consists of a layer of hydraulically placed 
silt as thick as 30 inches in the SAR IV area. The next layer is a fat clay layer, CH, which is a 
very soft clay of low organic content The CH layer is about 10 inches thick. Underneath the 
day layer is an organic layer having a classification OH.
Red Pass Site 1
w (%) 










(SEE APPENDIX C FOR CODE EXPLANATIONS)
4.31. Geotechnical Analysis and Descriptions of Red Pass Site 1
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(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.32. Geotechnical Analysis and Description of Red Pass Site 2
Red Pass Site 3
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(SEE APPENDIX C FOR CODE EXPLANATIONS)
Fig. 4.33. Geotechnical Analysis and Description of Red Pass Site 3
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Fig. 4.34. Vertical Cross-Sectional Profile of Red Pass Samples
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4.2.3 Elevation Changes
Twenty-three (23) elevation transects were made in the Red Pass study area during 
1992 and 1993 by the Southern Natural Gas Pipeline Company. The location of the transects 
in the Red Pass study area are shown in Rg. 4.35. Fig. 4.36 shows a three-dimensional view 
of transects 23 through 17 made in 1992. Rg. 4.37 is a contour plot of the 1992 elevations. 
Looking at transects 23 through 17 gives a close-up view of all three site locations. Fig. 4.38 
shows a three-dimensional view of transects 23 through 17 made in 1993. Fig. 4.39 is a 
contour plot of the 1993 elevations.
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Fig. 4.35. Transects Used for Elevation in the Red Pass Study Area 
(after Mendelssohn, 1997)













Fig. 4.36. Three-Dimensional View of Red Pass Study Area 
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Fig. 4.37. Contour Plot of Red Pass Study Area 
1992 Elevations for Transects 23 through 17






Fig. 4.38. Three-Dimensional View of Red Pass Study Area 
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Fig. 4.39. Contour Plot of Red Pass Study Area 
1993 Elevations for Transects 23 through 17
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Fig. 4.40 shows a 3-dimensional view of the difference between the 1992 and 1993 
elevation surveys for transects 23 through 17. The difference is determined by taking the 
1993 elevations and subtracting the 1992 elevations from them. From Fig. 4.40 and the 
contour plot of Fig. 4.41, the silt spill is sinking faster than the surrounding marsh. This is an 
important discovery since too much sediment fill on a marsh surface may cause that area of 













Fig. 4.40. Three-Dimenstional View of Red Pass Study Area, 
Difference between 1993 and 1992 Elevations 
for Transects 23 through 17
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Fig. 4.41. Contour Plot of Red Pass Study Area, 
Difference between 1993 and 1992 Elevations 
for Transects 23 through 17
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4.2.4 Red Pass Study Area Settlement
The consolidation spreadsheet was used to determine the time versus settlement 
relationship for the Red Pass study area. Tables 3.10 through 3.12 shows the input values 
used in the consolidation spreadsheet for the Red Pass sample sites 1 through 3, 
respectively. Table 3.13 through 3.15 shows the predicted results of the settlement with time 
for the Red Pass study area for the three sample sites. Predicted elevations are within 10% 
of actual elevations.
Fig. 4.40 plots the output results of elevation vs. time for the Red Pass study area 
with and without hydraulic fill material. Note that the hydraulic fill does sink faster initially 
than the surrounding marsh but the hydraulic fill will always be at higher elevation than the 
surrounding marsh. This concept was also shown to be true in Fig. 4.40 and Fig. 4.41 which 
showed that the hydraulic fill did sink faster than the surrounding marsh during the first year 
after the spill.
Table 4.10. Red Pass Input Values Using CONSOL.XLS 
for Site 1
INPUT
Field Name: RP - Site 1
Pre-dredge Elev. -2 ftNGVD
Water Table 0 ftNGVD
Thickness Initial w Final w c(v)
(ft) (fraction) (fraction) e(o) C(c) (cmA2/sec)
Dredge Fill 2.5 t 0.35 ? 0.4 3.00E-04
Initial Fill Elev. 1.05
Organics 0.1
Final Saturation 0.71
Thickness Spread w c(v)
Soil Type (ft) Factor (fraction) e(o) C(c) (cmA2/sec)
V . Soft Clay 1 0.00 1.1 2 0.4 3.00E-04
Peat 1 0.00 3.3 3 0.8 3.00E-04
Area__________
Subsidence! 1.3 |cm/yr
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Table 4.11. Red Pass Input Values Using CONSOLXLS
for Site 2
INPUT
Field Name: RP -  Site 2
Pre-dredge Elev. -2 ftNGVD
W ater Table 0 ftNGVD
Thickness Initial w Final w c(v)
(ft) (fraction) (fraction) e(o) C(c) (cmA2/sec)
Dredge F3 0.42 1 0.35 2 0.4 3.00E-04
Initial FB Elev. 0.7
Organics 0.1
Final Saturation 0.71
Thickness Spread w c(v)
Soil Type (ft) Factor (fraction) e(o) C(c) (cmA2/sec)
V. Soft Clay 1 0.00 1.1 2 0.4 3.00E-04
Peat 1 0.00 3.3 3 0.8 3.00E-04
Area___________
Subsidence | 1.3 |cm/yr
Table 4.12. Red Pass Input Values Using CONSOLXLS 
for Site 3
INPUT
Field Name: RP - Site 3
Pre-dredge Elev. -2 ftNGVD
Water Table 0 ftNGVD
Thickness Initial w Final w c(v)
(ft) (fraction) (fraction) e(o) C(c) (cmA2/sec)
Dredge F I 0.10 1 0.35 . 2 0.4 3.00E-04
Initial Fill Elev. -0.1
Organics 0.1
Final Saturation 0.71
Thickness Spread w c(v)
Soil Type (ft) Factor (fraction) _ e(o) C(c) (cmA2/sec)
V. Soft Clay 1 0.00 1.1 2 0.4 3.00E-04
Peat 1 0.00 3.3 3 0.8 3.00E-04
Area___________
Subsidence | 1.3 I cm/yr
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Table 4.13. Red Pass Output Values Using CONSOLXLS
for Site 1
Total Predicted 
Settlement Elevation Actual Percent 
Time with fill with fill Elevation Difference
(yrs) (ft) (ft) (ft) (fraction)
0 0 1.05 1.05 0
0.25 0.472 0.578
0.5 0.483 0.567







Table 4.14. Red Pass Output Values Using CONSOLXLS
for Site 2
Total Predicted 
Settlement Elevation Actual Percent 
Time with fill with fill Elevation Difference
(yrs) (ft) (ft) (ft) (fraction)
0 0 0.7 0.7 0
0.25 0.204 0.496
0.5 0.215 0.485
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Table 4.15. Red Pass Output Values using CONSOLXLS
for Site 3
Total Predicted 
Settlement Elevation Actual Percent 
Time with fill with fill Elevation Difference
(yrs) (ft) (ft) (ft) (fraction)
0 0 -0.1 -0.1 0
0.25 0.026 -0.126
0.5 0.036 -0.136







Red Pass Site 1
Estimated Elevation for 
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Fig. 4.42. Predicted Settlement with Time for the Red Pass Study Area
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Chapter S. Design Manual
This chapter presents engineering guidelines for planning a wetland restoration 
project using pipeline-conveyed sediments. This design manual uses a combination other 
wetland engineering guidelines, such as Soils Conservation Service Chapter 13 (Soils 
Conservation Service, 1992), and recommendations from various technical papers to produce 
a geotechnical engineering guideline for creating and managing a confined disposal facility. 
Although this guideline has recommendations specific for South Louisiana, other areas in the 
United States can also use these ideas to achieve successful wetland restoration programs. 
Table 5.1 outlines the steps of this analysis (Palermo, 1993). Tables 5.2 and 5.3 should be 
used as a checklists for wetland planning and monitoring, respectively.
5.1 GOAL DEFINITION
Goal definition is an important step to successful wetland restoration or creation. The 
objective of any project should be clearly described. For example , a project goal may be to 
enhance a particular wetland function, to restore or nourish a wetland area, or to replicate a 
full array of natural wetland functions to a specified area (Meagher, 1987). Similarly, the 
limits of the goals should be explained,' to deter others from drawing inappropriate 
conclusions (Meagher, 1987).
Table 5.2, question 1 can be used as a guideline for determining wetland needs. 
Items in question 1 are grouped according to different aspects of wetland needs and 
functions.
Once a wetland goal is defined, the next step is site selection. The methodology of 
restoration site selections starts with general, easily mappable data and ends with detailed 
site-specific evaluations (Collier, 1984). Table 5.2 should be filled out for each wetland site 
candidate.
157
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Table 5.1. Wetland Engineering Design Sequence 
(after Palermo, 1993)
5.1 GOAL DEFINITION
5.1.1 evaluate wetland needs
5.1.2 Site selection
5.2 DREDGE SITE CHARACTERISTICS
5.2.1 Current site use and adjacent area use





5.2.4 Select type of dredge
5.2.5 Environmental considerations
5.3 WETLAND RESTORATION SITE(S) CHARACTERISTICS
5.3.1 Current site use and adjacent area use







5.4 ENGINEERING DESIGNS FOR PROPOSED WETLANDS
5.4.1 Determine pressure requirements
SLURRY.XLS program
5.4.2 Elevation and grading requirements
Current practice
Stability of existing substrate soils 
Consolidation of fill
5.5 MANAGEMENT AND MONITORING
5.5.1 Pre-Dredging Action
5.5.1.1 Dike construction
5.5.1.2 Hydraulic fill requirements
5.5.1.3 Location of the discharge line
5.5.1.4 Spillways and outlet works
5.5.1.5 Perimeter ditches/ interior ditches
5.5.1.6 Berm raising
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Table 5.2. Wetland Planning Checklist 
(modified after Soils Conservation Service, 1992)
Observer_______________________________  Date:_______
Wetland Name and Location:__________________________________









□ fish and shellfish habitat
□ wildlife habitat
□ threatened, rare, or endangered species habitat
□ historic, cultural and archaeological resources
□ open space and aesthetic values
□ recreation
□ other
2. Have the following baseline data been addressed:
(a) soils?........................................................................................ □ yes
(b) water budget?...........................................................................□ yes
(c) water quality?............................................................................□ yes
(d) existing vegetation? □ yes
(e) existing fish and wildlife?......................................................... □ yes
(f) landscape context? □ yes
(g) wetland complex? C yes
(h) aesthetic quality? □ yes
(I) other needs? G yes
3. Are there related opportunities?..................................................G yes
List related opportunities:__________________
4. Are there limiting factors and constraints to
restoring, enhancing, or creating the wetlands? □ yes













Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
160
5. Are structures needed to restore or enhance
the wetland and meet objectives?................................................. □ yes □ no
6 . Is there an adequate water supply for the wetland?.....................□ yes □ no
(a) Is too much water available, requiring a water 
control structure to prevent the
wetland from drowning?.........................................................□ yes □ no
(b) Are water rights assured?......................................................□ yes □ no
(c) Are there existing water quality problems
that may limit the success of wetland restoration 
or enhancement activities? □ yes
7. Has a conservation plan been developed and
and decisions been documented?................................................□ yes G no
8 . Has landuser made decisions and examined
alternatives for the planned wetland?........................................... □ yes □ no
9. Has the landuser been consulted about:
(a) Cropping/herbicide history? □ yes □ no
(b) Current and past land uses? □ yes G no
(c) Ability to carry out engineering work 
including avoiding compacting of
soils in areas not to be disturbed? □ yes G no
(d) Ability to carry out planting work? n yes G no
(e) Willingness to conduct simple monitoring
of wetland progress?............................................................. □ yes □ no
(f) Willingness to carry out mid-course corrections
and active wetland management?........................................□ yes □ no
(g) Landscape context □ yes G no
(h) Wetland complex? □ yes □ no
(I) Management............................................................................ □ yes G no
(m) Needed permits
(i.e. 404 permit)? n yes G no
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Table 5.3. Wetland Site Visit Checklist 
(after Soils Conservation Service, 1992)
Observer______________________________  Date:_______________
Wetland Name and Location:__________________________________________
Check all items that apply to subject site visited. Note: Some items may not apply.
1. Does the wetland still address
the original project objectives? □ yes 0 no
2. Has the wetland visually changed since your last visit?................□ yes □ no
(a) Take site photograph(s) from 
fixed observation points 
established prior to site conservation
(b) Note physical, environmental, structural changes 
that have occurred:
3. Collect baseline (long-term monitoring) data? □ yes 0 no
(a) Soil physical and/or chemical changes?................................ □ yes □ no
(b) Water budget-hydrology changes?.........................................□ yes □ no
(c) Water quality changes?...........................................................G yes G no
(d) Survival of planted species:
estimate percent survival.................................................................
estimate percent plant cover...........................................................
estimate general health and vigor of stand....................................
(e) Colonization by other plant species?.......................................□ yes C no
note desirable plant species............................................................
note exotic or nuisance species......................................................
note extent of invasion (impact on planted stands)........................
(f) Fish and wildlife use of site?.................................................... □ yes C no
(g) Surrounding land use changes?.............................................. C yes G no
4. Limitations, constraints,
need for mid-course correction?.................................................... Q yes G no
5. Remarks, comments, and site documents (list on back)
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Once the area boundaries are determined, use U.S.G.S. quadrangle maps to map 
both the location and size of potential dredge and restoration sites. Using the same map, 
mark other important areas such as existing wetland areas or other disposal sites, any 
environmentally sensitive sites for endangered species, and other pertinent information.
Accurately-drawn maps and informative diagrams are probably the most important 
tools to the success of any project Since project maps are seen by everyone involved in a 
project from president to operator on the dredge barge, well-drawn maps and schematic 
diagrams are key elements to consistently successful programs.
Ideal restoration sites are often a trial and error selections (Collier, 1984). The 
methodology for screening site selections should be uniform and consistent (Collier, 1984; 
Hilton, 1984). The following suggestions should be considered in site selection process:
1. Identify any area advantages (question 3 in Table 5.2)
Consider interior lakes as a potential fill site. The inland lakes offer a natural 
low spot in the marsh environment Such areas may not need dike construction 
which is a considerable savings of time and money to any project
Abandoned oilfield canals also make excellent fill sites. These canals are 
often already bordered by dredged levees saving on the cost to build dikes. The 
canals can be completely filled from back to front dragging the pipeline (or 
shortening it) as the canal fills. Thus any pipeline scars are filled by the pipeline 
discharge.
Consider that many of our existing locks and dams are fast approaching their 
projected 50-year life expectancy (Hatch, 1987). That is the age, based on 
experience, when locks and dams generally require either major rehabilitation or 
replacement (Hatch, 1987). A closely related problem is how to deal with the 
significant sediment accumulations that have built up behind a number of these 
structures (Hatch, 1987). Dredging will probably play a significant role in a number
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of these rehabilitation efforts (Hatch, 1987). Consequently the disposal of these 
dredged sediments can also be viewed as a beneficial use project
In Louisiana like many coastal areas, eroding barrier islands are excellent 
candidates for beneficial use of dredged materials. Dredged sediments can be 
deposited directly on the barrier island (Smith, 1997) or placed offshore for beach 
nourishment
2. Identify any area disadvantages (question 4 in Table 5.2)
Define and map any environmentally and culturally sensitive ‘off limits” areas 
which should be avoided to minimize problems and delays in obtaining 
environmental permits.
A number of authors have warned that there are distance limitations from the 
dredging site to the fill site. An important conclusion of this work is that slurry 
pipelines can transport dredged sediments for many miles. The slurry speadsheet 
(SLURRY.XLS) can be used to determine the pressure requirements for slurry 
transport using pipelines.
5.2 DREDGE SITE CHARACTERISTICS
Check for any existing permit expiration dates and/or permit limitations. Check for 
any governmental constraints and/or environmental regulations. Check for any potential 
conflicts with adjacent land uses. Check to determine any obstruction to existing navigational 
needs.
Perform dredge site baseline surveys to determine topography and hydrology of 
dredge materials. From these surveys, determine the volume of dredge material present in 
the dredge site. In the Mississippi River, repeated dredging can be done at the same site. In 
the Interstate Highway 10 construction project, the dredge repeatedly dredged the same area 
every six months and dredged the same size particles of sediment (Lyons, 1996).
The following geotechnical tests on the dredge material samples should be 
performed:
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a. Grain size





Determine the type of dredge to be used for the project Refer to section 2.8 as an 
aid to dredge selection. Factors that are important to dredge selection are water depth and 
dredge draft, weather limitations, commercial traffic considerations, and discharge rates.
Ninety-five percent (95%) of dredge material is not environmentally sensitive (Hatch, 
1987). If dredge material is environmentally sensitive, chemical analyses and elutriate tests 
should be performed.
5.3 WETLAND RESTORATION SITE(S) CHARACTERISTICS
Determine the present uses and ownership of the restoration sites. Assess particular 
landowner concerns, for example, methods of property acquisition, cost of alternatives, best 
use analysis, etc.. Land ownership/ availability considerations, i.e. the willingness of the land 
owner to lease the land (Collier, 1984). Also, determine any potential conflicts with adjacent 
land uses. For example, the La Branche restoration site was bordered by Interstate Highway
10. There was some concern about a mud wave affecting this highway.
Consider any governmental constraints such as zoning or environmental regulations 
in the wetland restoration site. Identify any natural plant, fish, and/or wildlife habitats within 
the area such as fiotant marshes, oyster reefs, or bird nesting areas and rookeries. Check 
any existing permit expiration dates. If using beach or ocean disposals, check for any permit 
limitations (Hilton, 1984). Easement expirations should coincide with permit expirations 
otherwise programs can be prematurely halted because of lack of ability to get to the site 
(Hilton, 1984).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
165
Perform a baseline site surveys to determine topography, hydrology, soil type, and 
vegetation type. These surveys are more extensive than for the dredge site and are 
necessary to determine the foundation condition of the restoration area. Use question 2 in 
Table 5.2 to obtain baseline data for the restoration site. Perform the following geotechnical 
tests on the restoration site area cores:
a. Grain size





Address any environment considerations such as federal and/or state permits for the 
restoration site. When requesting permits, either request enough time to coincide with the 
completion of the other major project (i.e. port development plans), or request the ability to 
extend the permit should the need arise.
5.4 ENGINEERING DESIGNS FOR PROPOSED WETLANDS
Determine the pressure and economic requirements to using dredged sediments. 
This is done using the spreadsheet program SLURRY.XLS. An important conclusion of this 
work is that slurry pipelines can transport dredged sediments for many miles. Determine the 
elevation and grading requirements for the fill site. The current practice in South Louisiana is 
to achieve a final elevation of the fill which is one foot above the adjacent marsh. Use Eq. 
3.46 to determine the minimum elevation for percent vegetative cover desired. Note that at 
least 1.67 feet of elevation is required as a minimal elevation for vegetative cover. The 
settlement and consolidation spreadsheet entitled “CONSOLXLS” can be used to determine 
the height of the dikes in order to achieve a specific elevation after some specified time.
Many areas will have a low storage volume which will be quickly filled with dredged 
sediments. If this situation arises, consider pumping to several different areas in a sequential
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pattern. This method has another advantage in that once an area is filled, it can then be 
allowed to dewater and consolidate before another lift is applied. Rg. 5.1 illustrative the idea 














Rg. 5.1. Two Dredging Programs Having Multiple Fill Sites 
(after Heverin and Rohn, 1984)
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5.5 MANAGEMENT AND MONITORING
Management of each disposal area requires a development plan (Kyzer, 1984). 
Thoughtful planning on how to best utilize and dewater a disposal area gives a better chance 
of achieving success (Kyzer, 1984). Table 5.3 should be used as a checklist for management 
and monitoring of each site (Soils Conservation Service, 1992).
A management plan determines the following:
a) Depth of material placed in the area at any one time
The depth of the sediments within a confined disposal area is determined 
by the amount of ponding, freeboard, and retention of dredged 
sediments.
b) Interval of time between dredging cycles
c) Limitations due to weather conditions (seasonal and temporal)
Winter storms often slow operations. Summer work may result in 
mosquito breeding problems in the ponded areas of fill sites (Kyzer, 1987, 
Hilton, 1987)
Although some of these parameters cannot be changed, they may be worked to an advantage 
(Kyzer, 1984). For example, with some long range planning, dredging may be scheduled 
during the wetter months so that subsequent dewatering of the disposal area can be aided by 
natural evaporation (Kyzer, 1984).
5.5.1 Pre-Dredae Actions
The following techniques are recommended for pre-dredging management:
5.5.1.1 Dike construction
Dikes are generally constructed to provide 6  to 8 feet of containment volume, with 
side slope of two (2) horizontal to one (1) vertical, and a top width of 6  to 8 feet (Kyzer, 1984). 
Dikes are usually constructed on areas that were previously marshland (Kyzer, 1984). The 
procedure to borrow material contiguous to the dike has resulted in the material in the interior
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of the dikes being loose and uncompacted (Kyzer, 1984). The intenor of the dikes will often 
contain pockets of solids that has a moisture content near the liquid limit (Kyzer, 1984).
Although each site is unique, most sites have two common attributes (Kyzer, 1984). 
First, the dredged material is fine-grained silt and clay (Kyzer, 1984). Second, the dikes are 
constructed on marshland (Kyzer, 1984). In some areas, dikes are not constructed until the 
areas are built up above the high tide by unconfined disposal (Kyzer, 1984).
Dikes are often constructed using a dragline on mats of material borrowed from an 
area parallel to the dike (Kyzer, 1984). Kyzer (1984) recommends that the diking work be 
constructed by a separate contractor different from the dredging contractor (Kyzer, 1984). 
According to Kyzer (1988), a separate contractor insures a greater success of dike 
construction and dredge material dewatering.
Qeotubes can be used when dike construction would ordinarily be impossible. For 
example, geotubes can be used to build dikes even when the foundation is underwater 
(Johnson, 1990).
5.5.1.2 Hydraulic fill requirements
The output of the dredge to be used should be considered in regard to the surface 
area of the confined disposal area (Palermo et a!., 1993; Broussard, 1997). At the Naval 
Base in Norfolk, Virginia, a 12-inch dredge pipeline was considered too large to pump directly 
to the confined disposal area (Palermo et al., 1993). The 12-in pipeline has an output of 10 
to 12 cubic feet per second, while the 5 to 8 acres disposal area could only effectively accept 
3 cubic feet per second (Palermo et al., 1993).
5.5.1.3 Location of the discharge line
Once the dredge size and line are determined, about the only control that can be 
placed on a contractor during the dredging operations is to specify where the discharge line 
is located (Kyzer, 1984). In many areas, there always a little sand and shell in the dredged 
material (Kyzer, 1984). By specifying the discharge location, course grain material can be 
deposited around the perimeter of the dike resulting in these materials being available for
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future dike construction (Kyzer, 1984). The end of discharge pipe is always located about 
100’ inside the area to prevent damage to the dike and berm (Kyzer, 1984). At least one spur 
dike is recommended even on small disposal sites so that hydraulic efficiency of 60% can be 
achieved (Palermo et al., 1993).
5.5.1.4 Spillways and outlet works
Additional spillways should be place around the perimeter of the dike along with 
those required for proper dredging operation (Kyzer, 1984). These additional spillways are 
small (4 feet by 4 feet) (Kyzer, 1984). These spillways allow excess water to exit the area 
much sooner and allow a better gradient on ditches (Kyzer, 1984).
Dikes should be constructed so that they can be used as a roadway for equipment 
(Kyzer, 1984). Equipment must sometimes be mobilized to the spillways after dredging has 
been completed (Kyzer, 1984).
5.5.1.5 Perimeter ditches/ interior ditches
If possible, fill in ditches and construction scars prior to the beginning of disposal 
operations (Kyzer, 1984). Any hole left in the interior of the disposal area generally causes a 
problem later (Kyzer, 1984). For example, the interior of the disposal area often dries out and 
consolidates enough to support low ground pressure bulldozer; however, the bulldozer 
cannot travel to this spot because the perimeter is too soft to allow passage (Kyzer, 1984).
5.5.1.6 Berm raising
The berm is the area between the inside toe of the dike and the borrow ditch (usually 
50 feet width) (Kyzer, 1984). Raising the berm 1.5 to 2.0 feet above the level of the material 
in the interior of the area, permits this area to dry out rapidly so that conventional equipment 
such as a dragline on mats can be mobilized to the area to begin perimeter ditching soon 
after the dredging is completed (Kyzer, 1984).
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5.5.1.7 Subdivision of disposal area
Subdivision of the disposal area into smaller compartments is recommended for both 
large and small disposal programs (Kyzer, 1984). The subdivision of the disposal area 
greatly improves time and management of the dredge material (Kyzer, 1984). Without 
compartmentalization, dredging and pumping would be a discontinuous operation in which 
would waste time waiting for the dredge material to dewater before being able to pump 
another layer of material (Kyzer, 1984). The subdivision permits a more continuous pumping 
operation because while one dredging disposal area is dewatering, another disposal area is 
being pumped (Kyzer, 1984). For example, in large areas where dredging may tie up a site 
for six (6 ) months, two cross dikes could result in an additional four months drying period per 
compartment (Kyzer, 1984). Subdivision allows more time for the dewatering process (Kyzer, 
1984). Interior dikes can be successfully constructed in an area once several lifts of material 







Fig. 5.2 Subdivision of a Confined Disposal Area (Poindexter, 1984)
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5.5.1.8 Underdrains/vertical drains
Underdrains and vertical drains are an effective technique in removing subsurface 
water when installed properly (Kyzer, 1984). Proper ditching can achieve the same results 
(Kyzer, 1984). Underdrains are expensive to install and not widely used (Kyzer, 1984).
5.5.1.9 Site access
As soon as conditions allow for hauling material around in the site, access ramps 
should be made around the site (Kyzer, 1984). Equipment may not be able to climb the dikes 
on their own and material may not be available to construct ramps (Kyzer, 1984).
FILTER CELLS
DISPOSAL SIDE
S K IM M E R  O R B O O M
I W A LK W A Y ,
D R AIN  H O LES
LAKE SIDEFIN E  F ILTE R  C E LLS
S T E E L S H E E T  P ILE
Fig. 5.3. Vertical Filter Cells at the CDF in Monroe Harbor, Michigan
(McCallister, 1984)



















Fig. 5.4. Typical Toe Drain and Underdrain Cross-Section 
Used in Liberty State Park, New York 
(after Schell and Miller, 1984)
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5.5.2 Post-Dredging Action
The following recommendations have been found effective either for dewatering or 
promoting rapid mobilization of equipment after the dredging effort
5.5.2.1 Spillways and outlet works
Immediately after the disposal operation has been completed, spillway boards should 
be lowered to allow excess water to exit the area as rapidly as possible without resuspending 
the material in front of the spillways (Kyzer, 1984). Once the dredge material has dewatered 
to the extent that it is not longer fluid, equipment should be mobilized to remove material in 
front of the spillways to create a small sump (Kyzer, 1984).
5.5.2-2 Interior drainage
If access ramps are available to get into the disposal area, equipment is mobilized to 
begin ditching in the area (Kyzer, 1984). South Carolina uses RUC (Riverine Utility Craft) for 
this operation (Kyzer, 1984). The RUC makes a small depression in the dewatered material 
which helps to remove the standing water (Kyzer, 1984). Care should be taken not to push 
dewatered dredge material in front of the spillway (Kyzer, 1984).
Once several lifts of dredged material are dewatered, subsequent lift become easier 
to dewater (Kyzer, 1984). Vegetation has not been found to be helpful in dewatering dredged 
material, and is generally considered detrimental to the drying process (Kyzer, 1984).
5.5.2.3 Perimeter ditching
If the berm area has been raised 1.5 to 2 feet and the last lift of dredged material is 
about six feet or less, a dragline can be mobilized to the areas within 3-4 months after 
dredging is completed (Kyzer, 1984). Ditching should begin at the spillways (Kyzer, 1984). 
Multiple passes may be needed to obtain deep ditches (Kyzer, 1984). Best results are 
achieved with ditches that are 5 to 6  feet deep and allow at least one layer of previously 
dewater material to drain (Kyzer, 1984). Material removed from the ditches can be placed on 
the top of the dikes, on the slope, or in the berm area (Kyzer, 1984). The material should be
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placed in thin layers to enhance drying so that it can be incorporated into the dike later 
(Kyzer, 1984).
5.5.2.4 Interior ditching
For surface drainage, 3-foot deep ditches are dug with a dragline or backhoe (Kyzer, 
1984). In most areas, interior ditching is not done unless the interior material is to be stripped 
or the area is not used for several years (Kyzer, 1984).
Plowing produces additional dewatering if the material has been sealed over by a 
slake crust (Kyzer, 1984). Plowing results in a dewatered loose layer that yields little net 
volume gain (Kyzer, 1984). Plowing is not recommended unless a deeper crust is desired in 
order to operate conventional equipment (Kyzer, 1984).
Timing of ditching is important so that desiccation cracks can develop deep (Kyzer, 
1984). If this is not done, the top six inches will slake and fill in the cracks (Kyzer, 1984). 
This results in an insulating blanket that impedes further dewatering (Kyzer, 1984). As the 
material slakes, the desiccation cracks are bridged over (Kyzer, 1984). A new lift of dredged 
material does not fill in the voids (Kyzer, 1984).
5.5.2.5 Dike reconstruction
Major dike rehabilitation is not usually attempted until an area has been dewatered 
sufficiently to borrow material from the interior using a self-loading scraper (Kyzer, 1984). 
The existing dike is then leveled and allowed to dry (Kyzer, 1984). The dried, leveled dike is 
then used as a base to operating equipment (Kyzer, 1984). The dike is then reconstructed to 
higher heights and top widths reaching 16 to 20 feet (Kyzer, 1984). Once a stable dike is 
constructed, site access is improved by insuring that the top of the dike can be used as a 
roadway (Kyzer, 1984). A stable dike will provide many years of capacity (Kyzer, 1984). 
Future improving efforts can be used to raise the berm and improve dewatering (Kyzer, 
1984).
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Conventional equipment, such as self-loading scrapers (pans) can borrow material 
from the interior and haul it to the dikes for dike construction (Kyzer, 1984). As a general 
rule, if a low ground pressure bulldozer can skim 4-6 inches from a site and still operate, the 








—  DREDGING PHASE3
—  SETTLEMENT PHASE2
a. 1
0
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Time (months)
Fig. 5.5. Projected Surface Height for Determination of 
Containment Area Service Life 
(after Poindexter, 1984)
Based on data collected from settlement plates, cross-sectional surveys, and soil borings, 
volume regained from long term consolidation within the site is minimal (Kyzer, 1984). Similar 
surveys on the dikes have been more pronounced indicating long term consolidation under 
the dikes themselves (Kyzer, 1984).
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5.6 EXAMPLE DESIGN PROBLEM
An example problem is given on the design of a wetland restoration project. Suppose 
that governmental agencies wants to restore the subsiding marsh between Bayou DuLarge 
and Bayou Grand Calliou. Since this area once contained a vast cypress swamp, timber 
production may be possible in the area. Other industries may interested in building land for 
fishing camps. The Houma Navigation Canal is intermittently dredged about every 2 or 3 
years and the dredge material would make an excellent marsh building material. The pipeline 
from the dredge would be floated down the Houma Navigation Canal and then down Falgout 
Canal to the marsh area located immediately adjacent to Falgout Canal. Maximum distance 
from dredge to restoration site could be as much as twenty miles.
Using Tables 5.1 and 5.2 , the wetland needs are determined to be timber 
production, erosion control, and sediment control. Baseline data surveys on the dredge and 
fill sites would be conducted to determine various geotechnical properties of the borrow and 
fill sites. Some of the opportunities of this area is that in the fill area to the north of Falgout 
Canal levees already exists. Elevation surveys would need to be performed on the fill site 
especially on the pre-existing levees to determine if any low spots exist Landowners are 
contacted. 404 Permits have been filed with the Corps of Engineers, the Environmental 
Protection Agency, and the Department of Natural Resources.
The fill area to the south of Falgout Canal would not need to be completely diked and 
the dredge spoil could simply flow over the surface of the marsh below the point of any 
homesteads in that area. If at any time the pumping to the north would need to be stopped 
for any reason, pumping would be diverted to the southern site unimpeded. The southern site 
contains some dying cypress forests which need to be protected from saltwater intrusion.
Suppose that the fill area to the north has a foundation of 6 feet of peat and 10 feet of 
very soft clay. The fill area to the north of Falgout Canal would need to be diked and 
maintained. Discharge points would be from the north and west in order to permit sheet flow 
to the south. Weir structures would be located on the eastern and southern borders which
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are the Houma Navigation Canal and Falgout Canal, respectively. The northern disposal 
area is approximately 1 square mile or 640 acres. The acreage would be divided into three 
sections of disposal having about 310 acres each. In order to determine the height of the 
exterior dikes, use the CONSOLXLS program to determine the amount of height desired after 
a certain period of time. The input data for the Falgout Canal example is given in Table 5.4. 
The output data is graphed in Fig. 5.6.
Table 5.4. Input Data Using the CONSOLXLS Program for the Falgout Canal Example 
INPUT
Field Name: Falgout Canal Example
Pre-dredge Elev. 
Water Table
-0.5 ft NGVD 
ft NGVD







Initial w  
(fraction)
Dredge Fill 5.5 1 0.3 1.5 0.5 3.00E-04
Initial Rll Elev. 5
Organics 0.1
Final Saturation 0.71
Thickness Spread w c(v)
Soil Type (ft) Factor (fraction) e(o) C(c) (cmA2/sec)
Peat 6 0.00 1.5 3 1 3.00E-04
V. Soft Clay 10 0.00 0.6 1.5 0.5 3.00E-04
Area
Subsidence 0.13 cm/yr




(1) = 6 ’ FILL4
(2) = 10- FILL







10 20 300 40 50
Time (years)
Fig. 5.6. Predicted Marsh Surface Elevation for the Falgout Canal Example
Fig. 5.6 shows the output of several runs using the CONSOLXLS spreadsheet 
Depending on the foundation of the fill area, the thickness of the hydraulic fill can range from 
6  to 15 feet Softer unfavorable foundations require more hydraulic fill than firmer favorable 
foundations. The group of curves labeled (1) through (3) is slid up and down the y axis until 
the desired elevation versus time is achieved. Fig. 5.6 shows that a dike height of 5 feet will 
successfully accommodate a wide range of thickness of hydraulic fill. The interior dikes will 
be constructed to heights of between 3.5 to 4 feet
Using the SLURRY.XLS spreadsheet a 24’ pipeline would fill the first diked area in 1 
month whereas a 12’ pipeline would fill the area in 2 months. The 12' dredge pipeline should 
be used in this case for better solids retention. The determination of the pressure
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requirements to pump the dredged sediments firom the cutterhead dredge to the fill site is 
given in Table 5.5.
The best discharge would be in the northern and northwestern comers so that the 
sheet flow of the slurry would be deposited going southward. The discharge line would be 
located at least 100 ' from the dike boundary and moved south as the mounds build up. 
Access to and around the fill sites should be planned during the construction phase. Dikes 
should be wide enough to permit various equipment to travel on them. Spillways and weirs 
will be constructed at the southern and eastern boundaries. The spillways should have about 
2 feet of freeboard. After the first diked area is pumped, and during the pumping of the 
second diked area, post-dredging maintenance for the first area should be performed as 
described in section 5.5.2. After the dredge pumping, use Table 5.3 for site visit checklist to 
determine the success of the project

















Table 5.5. Input and Output Data Using the Slurry Spreadsheet for Falgout Canal Example
INPUT   INPUT
Pipe Diameter 12 inches aerations
Pipe Roughness 0.002 inches Cone Computed Viscosity Pressure
Length 20.0 miles Solids Viscosity Used Specific Bedload Drop 
(ft wtr/ft) 
0.0223
(%) (cp) (cp) Gravity (%)
0.00
Difference
Solids Density (solids) 2.7 gm/cc Water 0 0.99 0.99 1
1st try 23.00 2.42 2.42 1,391 0.00 0.03247 31,3%
Liquid Density (liquid) 1 gm/cc 2nd try 21.32 2.24 2.24 1.362 1.68 0.03543 8.4%
3rd try 21.28 2.24 2.24 1.362 1.72 0.03543 0.0%
Temperature 70 deg F 4th try 21.27 2.24 2.24 1.362 1.73 0.03543 0.0%
Computed viscosity 0.99 cp 5th try 21.27 2.24 2.24 1.362 1.73 0.03544 0.0%
Viscosity used 0.99 cp OK
Fill Area OK
Slurry Cone solids (vol) 23 (percent,%)
Area 310 acres 13503600 sq ft
Operational Velocity 10 ft/sec Dike Height 5 ft
Mean Part. Diameter 100 microns
TL James vet.



























Mesh Screen Size Wf % (mm) Total Pressure Head 3,742 ftwtr
10 10 0 2.000 Pump Pressure 2,206 psi 
8,247 hp40 40 3.9 0.425 Pump Horsepower
200 100 12.4 0.075
Silt 200 30.8 0.05 Conversion Tables: 1000 microns B 1 mm
Clay 325 5 2.9 0.02 2.09E-5 Ib*sec/ft2 *  1 cp
Total 100 1E-3 N*sec/m2 
43560 ft2
*  1 cp




Successful wetland restoration can be achieved using dredged sediments. Disposal 
of dredged sediments to create wetlands solves a disposal problem for the dredging industry 
and a wetland deterioration problem for coastal environments. The most important 
conclusion of this work is that wetland creation is feasible many miles from the dredge site by 
using pipelines to carry the sediment
A program was successfully developed which determines the engineering 
requirements for pipeline transport of sediments from dredge sites to wetland restorations 
sites. The program called SLURRY.XLS involves several new correlations. A new 
correlation for determining the critical velocity of particle transport is presented. New 
correlations were statistically developed for determining the drag coefficient of particles. The 
spreadsheet also successfully determines settling velocities of the individual particle sizes in 
any settling regime. The spreadsheet was verified using data from actual experiments with 
sand slurries. The SLURRY.XLS program showed that silts are easier to pump than sands.
A second computer program was successfully developed for determining marsh 
settlement with time using geotechnical principles of consolidation. This program entitled 
“CONSOLXLS" uses an innovative method of interpolation to determine the percent of 
consolidation of the hydraulic fill and the underlying formation layers. The results of elevation 
of the marsh surface with time is computed with and without hydraulic fill. The elevation of 
the marsh surface without the hydraulic fill is also computed so that the engineer can estimate 
the ideal thickness of the hydraulic fill so that the hydraulic fill does not sink below the 
surrounding marsh. Another major conclusion of this work is that since each hydraulic fill has 
a limited life of usefulness, restoration using pipeline-conveyed sediments will require a 
maintenance effort in a subsiding environment
Two case studies were analyzed to obtain valuable information about wetland 
restoration projects and verify the consolidation program to accuracy in determining
181
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Two case studies were analyzed to obtain valuable information about wetland 
restoration projects and verify the consolidation program to accuracy in determining 
elevations of the marsh surface with time. The case studies are the La Branche restoration 
project along the southwest shores of Lake Pontchartrain and the Red Pass study area near 
Venice, Louisiana.
The La Branche project area studied restoration efforts for an intermediate marsh and 
gave valuable insights into pumping procedures, dike construction, and subsequent marsh 
settlement The consolidation program accurately predicted the subsequent settlement of the 
marsh surface to within 12 percent The La Branche study site also showed that a thick 
hydraulic fill can settle faster than a thin hydraulic fill resulting in a marsh surface that sinks 
faster than the original surface.
The Red Pass study area investigated an accidental silt spill of dredged sediments 
onto a saline marsh surface. Vegetation grew rapidly as a result of the silt spill proving that 
silts are beneficial to marsh restoration. The Red Pass study area was also used to verify the 
CONSOLXLS consolidation program. The Red Pass study area also showed that the spill 
material initially sinks faster than the surrounding marsh without fill. Under certain 
circumstances, only a thin amount of fill maybe be required for each fill application.
A design manual was developed which outlines the steps to wetland creation or 
restoration using dredge sediments. The design manual contains a checklist for wetland 
planning including suggestions for site selections. The design manual also contains a site 
visit checklist for subsequent wetland management once the hydraulic fill is complete.
This study has concluded that there are several advantages of using slurry pipelines 
to build marshes over conventional methods. Slurry pipelines can quickly build marshes, 
contain minimal water, and can restore specific sites even in remote and distant locations. 
Sediment slurry transport using pipelines can transport materials in either aerobic or 
anaerobic conditions. Environmental impact is low since the slurry is completely contained 
within the pipe, and there is no danger of future canalization or salt water wedge effect once a 
job is complete.
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Appendix A. Dredges And Dredging Operations
A basic understanding of the different types of dredges is important to understanding 
the different types of collection and treatment of dredged sediments.
A 1 TYPES OF DREDGES
Dredges can be classified according to the basic means for entraining sediments 
(hydraulic or mechanical), the method of dredged material transport (pipeline, scow, bucket, 
or hopper), the equipment used for escavating sediments (cutterhead, dustpan, or plain 
suction), and the type of pump used (centrifugal, pneumatiac, or airlift) (Myers et al., 1996). 
The characteristics of various dredges are summarized in Table A.1.
A 1.1 Mechanical Dredges
Dipper and clam shell dredges (Fig. A.1) are the two common mechanical dredges 
(Wilson et al., 1996). Mechanical dredges are rugged and capable of removing hard-packed 
materials or debris (Wilson et al., 1996). They can work in tight areas and are very efficient 
at removal (Wilson et al., 1996). Mechanical dredges have difficulty in retaining loose, fine 
material in buckets and cannot dredge continuously like pipeline dredges (Wilson et al., 
1996). Mechanial dredges place escavated material into barges for transport to placement 
locations (Wilson et al., 1996).
A bucket dredge is a mechanical device that utlizes a bucket to excavate sediment 
(Myers, e t al, 1996). The bucket dredge can remove material at close to in situ densities 
whereas hydraulic dredges typically remove four times as much water as in situ sediments 
(Myers, et. al, 1996). Bucket dredges can also be used to dredge at greater depths than 
many hydraulic dredges (Myers, e t al, 1996).
193
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Table A.1 Summary of Dredge Operating Characteristics















Bucket up to 100% 30-600 0 150+ 2 1
Suction 10-15% 25-5000 5-6 50-60 1 2-3
Dustpan 10-20% 25-5000 5-14 50-60 0.5 2-3
Cutterhead 10-20% 25-5000 3-14 12-65 1 2-3
Hopper 10-20% 500-2000 10-28 65 2 10
Mudcat 10-40% 60-150 2 15 0.5 0.5
Pneuma up to 80% 60-390 0 150+ 1 1
Oozer up to 80% 450-650 - 100-150 1 2-3
Clean-Up 30-40% 500-2000 5-10 60 1 2-3
Refresher 30-40% 200-1300 20 60 1 2-3
n n
Fig. A.1. Clam-Shell Dredge (Myers et al., 1996)
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A. 1.2 Plain Suction
This is the simplest form of hydraulic dredging (Turner, 1996). Since there is no 
mechanical excavator, sediments are removed by ‘plain suction* (Turner, 1996). Sometimes 
water jets are used to agitate the dredge material for solids entrainment into the suction 
mouth (Turner, 1996). This dredge is limited to relatively soft and free-flowing materials 
(Turner, 1996). It is used primarily for "winning* or acquiring sediment by creating a large 
inverted cone on the bottom of the waterway (Turner, 1996). Its efficiency can be high and 
cost per cubic yard low when properly applied (Turner, 1996). However, application of the 
plain suction dredge is severely limited by its inability to dig across a channel or to mine 
horizontal stratum (Turner, 1996).
A. 1.3 Dustpan Dredge
The dustpan dredge is a form of a plain suction dredge (Turner, 1996; Myers, e t al, 
1996). The dustpan dredge derives its name from its special suction head which may be 30 
feet wide or greater (Turner, 1996). The dustpan suction head contains a row of high 
pressure water jets used to agitate bottom sediments (Turner, 1996).
The entire dredge is pulled forward (normally against the current) by crossed wires 
attached to upstream anchors (Turner, 1996). The dredge sweeps a broad straight channel 
(Turner, 1996). The dustpan dredge is perhaps the most efficient tool available for quick 
removal of shoals (Turner, 1996). Thus the dustpan drege is primarily used with sandy 
sediments in inland rivers (Myer et al., 1996).
The dustpan dredge pulls its discharge line along behind it and discharges to a barge 
having an ingenious baffle for sediment capture (Turner, 1996). The discharge barge is 
located either behind the dredge or off to the side in the shallows of the waterway (Turner, 
1996). The dustpan dredge has seen limited appication in the industry and deserves to be 
better known for its high capacity and low cost (Turner, 1996).
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A.1.4 Cutterhead Hydraulic Pipeline Dredge
The cutterhead hydraulic pipeline dredge (Fig. A.2) is most commonly used and most 
versatile dredging equipment (Turner, 1996). This dredge combines the mechanical cutting 
action of a rotating cutter with hydraulic suction to efficiently remove sediments (Myers, e t al, 
1996). The cutter excavates the bottom material and translates it into the influence of high 
velocity water at the suction intake (Turner, 1996). The entrained solids then pass through 
the dredge pump to the floating discharge line and on to the deposition area through the 






Fig. A.2. Hydraulic Cutterhead Dredge (Myers et al., 1996)
A cutterhead dredge has two stem spuds that alternately serve as pivots for swinging 
the cutterhead from side to side during dredging operations (Myers, et. al, 1996; Turner, 
1996). During dredging operations, normally only one spud is down (i.e., in the bottom) 
(Turner, 1996). Two swing anchors are dropped some distance from either side of the 
dredge and are connected to the dredge by wire rope to swing winches (Turner, 1996). The 
dredge swings to port and starboard alternately, while passing the cutter through the bottom 
sediments (Turner, 1996). Most cutterheads advance by “walking’ themselves forward using 
the spuds (Turner, 1996). The “walking” is done by swinging the dredge to the port on the
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port spud for an appropriate distance (Turner, 1996). The the starboard spud is then dropped 
and the port spud raised (Turner, 1996). Then the dredge is swung an equal distance to the 
starboard, the port spud is dropped, and the starbord spud is raised (Turner, 1996). The 
dredge has just advanced a cutterhead length and is on course, if the proper advance angles 
are used (Turner, 1996).
The cutterhead dredge has most of the advantages of other dredges and can dredge 
on a continuous basis (Turner, 1996). Cutterhead dredges can dig a channel, unlike the 
plain suction dredges (Turner, 1996). Cutterhead dredges are more precise than hopper 
dredges and can pump on a more continuous basis than hopper dredges (Turner, 1996). 
One advantage of the cutterhead pipeline dredges over hopper dredges are their ability to 
pump sediments directly to distant disposal sites (Wilson et al., 1996; Turner, 1996).
The cutterhead can excavate a wide range of alluvial sediments and compacted 
deposits including clay, silt, sand, gravel, and even soft rock (Myers, et. al, 1996). For this 
reason, the cutterhead is suitable for maintaing harbors, canals, and outlet channels 
providing that wave heights are not excessive (Myers, et. al, 1996). The great versatility, 
continuous operation, and moderate costs of the cutterhead dredge makes it known as the 
workhorse of the industry.
The disadvantages of cutterhead dredges is that they have limited capability in rough 
weather (Wilson et al., 1996). Cutterhead dredges also have difficulty with coarse sand in 
swift currents (Wilson et al., 1996). Additionally, the necessary pipeline can be an 
obstruction to navigation (Wilson etal., 1996).
A variation of the cutterhead dredge is the horizontal auger (HA) (Myers, e t al, 1996). 
A horizontal auger dredge is a cutterhead suction dredge with horizontal cutter knives and a 
spiral auger (Myers, e t al, 1996). Sediment resuspension at the dredgehead is substantially 
higher for the horizontal auger dredge than for the typical cutterhead dredge (Myers, et. al, 
1996).
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A.1.5 Hopper dredge
Hopper dredges (also known as trailing suction dredges) are hydraulic dredges that 
are usually self-propelled vessels (see Fig. A 3) and thus can move quickly to a jobsite under 
their own power (Myer et al., 1996; Wilson et al., 1996; Turner, 1996). These ocean-going 
vessels can operate in rough water (Wilson et al., 1996). The dredging operation does not 
interfere with other traffic (Wilson et al., 1996). The dredging progresses quickly and is 





Fig. A3. Self-Propelled Hopper Dredge (Myers et al., 1996)
The most common configuration for a hopper dredge is two drag-arms, one on each 
side of the ship, mounted outboard and connected to the hull near the center of buoyancy to 
minimize the effect of the sea state (Turner, 1996). Other configurations can have one 
dragarm mounted on one side of the vessel or at the stem on the ship’s centerline (Turner, 
1996). Each dragarm has its own draghead for contact with the bottom and its own pump 
(Turner, 1996).
Some trailing suction dredges have no hoppers and discharge their loads overboard 
through extended, cantilevered discharge lines (Turner, 1996). These dredges are called 
“sidecasters" (Turner, 1996). The more common “hopper dredge" discharges into its own 
collection system located on the ship (Turner, 1996).
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While dredging , the vessel is traveling at about 2 or 3 knots with the draghead 
trailing from the dragarm (Turner, 1996). The sediment slurry is pumped into the hoppers 
where solids tend to settle to the bottom (Turner, 1996). After the hopper are full, overflow to 
the sea begins (Turner, 1996). Allowing water and fine-grain sediments particles to flow over 
and out of hoppers is sometimes practiced to trap coaser grains of materials (Myers, et. al, 
1996). Such overflow practices are not recommended by the U.S. EPA (Myers et al., 1996). 
When the hoppers are full, the dragheads are elevated, adnthe ship proceeds to the dumping 
ground, which is frequently in deep waters, where the bottomhopper doors open and the load 
is discharged (Turner, 1996). The dredge then return tothe dredging grounds for another 
load (Turner, 1996).
Hopper dredges are ideal for busy channels or harbors where boat traffic may 
prohibit swinging cutterheads with their attendant pipelines (Turner, 1996). Hopper dredges 
can operating in a seastateof several feet which would inactivate a normal cutterhead dredge. 
Hopper dredges can mobilize quickly since they are self-propelled and thus do not need 
support craft like the cutterhead dredge (Turner, 1996). Hopper dredges achieve rapid 
improvement of a channel or shoal by traveling the full length of the channel without blocking 
it (Turner, 1996). These advantages will probably always assure the existence of hopper 
dredges (Turner, 1996).
The hopper dredge also has disadvantages. Hopper dredges limited to work in deep 
waters (Wilson et al., 1996). Hopper dredges are built to satisfy “ocean” classification and 
thus they are more expensive to build and to maintain (Turner, 1996). Hopper dredges is 
certainly one of themost expensive dum-scows ever devised (Turner, 1996). Hopper dredges 
are less precise than with other dredges and cannot dredge irregular patterns and steep 
banks (Wilson et al., 1996; Turner, 1996). Hopper dredges cannot operate near piers or 
other obstructions (Turner, 1996). Hopper dredging also has difficulty dredging in shallow 
water and consolidated materials (Wilson et al., 1996; Turner, 1996). Hopper dredges also 
require double handling of material whenever sediment must be transported to dry land or
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shallow water environments (Turner, 1996). These disadvantages assure that the hopper 
dredge will always be supplemented by other dredges, especially the cutterhead dredge 
(Turner, 1996).
A. 1.6 Pneuma Pumo Dredae
The pneuma pump uses compressed air and hydrostatic pressure instead of 
centrifugal motion to capture sediments (Myers, e t al, 1996). The pump is submerged and 
sediment and water are forced into one of three cylinders by opening the cylinder to 
atmospheric air (Myers, e t al, 1996). The pump must be used at water depths deeper than 
12 ft (4 m) to provide sufficient hydrostatic pressure for effective filling (Myers, e t al, 1996). 
After filling, compressed air is supplied, forcing the water and sediment through an outlet 
valve (Myers, e t al, 1996). The hydraulic efficiency is below 20% and cannot dredge sand 
(Myers, e t al, 1996).
A.1.7 Oozer Pumo Dredae
The oozer pump is similar to the pneuma pump except that vacuum is applied during 
the filling stage to achieve more rapid filling, increase solids concentration, and operate in 
shallower waters (Myers, e t al, 1996).
A.1.8 Cleanup Dredae
The cleanup dredge is an instrumented, covered auger dredge designed to clean up 
highly contaminated sediments (Myers et al., 1996). The instrumentation includes a sonar for 
bottom elevation determinations and an underwater television camera to monitor dredging 
operations (Myer et al., 1996). This dredge creates one of the lowest resuspended sediment 
of all dredges (Myers et al., 1996).
A.2 TYPES OF DREDGING OPERATIONS
Dredging at navigation channels is performed primarily by the Corps of Engineers, 
and dredging at harbors is performed by Port Authorities (Wilson et al., 1996). There are five 
different types of dredging operations depending on location, and materials removed (Wilson 
et al., 1996). All five types of dredging operations are shown in Fig A.4.
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Dredging operations in main approaches occurs in the approach channels from the 
ocean (Wilson et al., 1996). Dredged material in this region is composed primarily of sand 
and silts (Wilson et al., 1996).
Dredging bar channels attempts to remove sandbars at inlets (Wilson et al., 1996). 
Dredged material in this area is primarily composed of coarse-grain sand (Wilson et al., 
1996).
Dredging entrance channels occurs in state waters to harbors (Wilson et al., 1996). 
Dredged material at these locations are primarily composed of sand to fine-grained silt and 
clay (Wilson et al., 1996).
Dredging in berthing areas occurs close to harbors and ports (Wilson et al., 1996). 
Dredged material at these locations are composed primarily of silt and some sand (Wilson et 
al., 1996).
Dredging in inland waterways occurs in intracoastal waterways and river channels 
(Wilson et al., 1996). Dredged material is composed primarily of silt and sand (Wilson et al., 
1996).
A.3 DREDGING DISPOSAL OR PLACEMENT
There are six different types of disposals of dredged materials (see Fig. A.5). They 
are ocean placement, beach nourishment, upland placement, open-water placement, within 
banks placement, and beneficial uses (Wilson et al., 1996).
A. 3.1 Ocean Placement
In ocean placement, a hopper dredge or towed barge is filled with dredged material, 
sails to a designated area of the ocean, opens its hulll, and allows the sediment to drift to the 
bottom (Wilson et al., 1996). Sixty (60) million cubic yards of sediment are place in ocean 
water at more than 100 Environmental Protection Agency approved sites each year (Wilson 
et al., 1996). The dredged sediments must meet the evaluation criteria and usually comes 
from inlets, bars, and main approaches to navigation channels (Wilson et al., 1996).





1 -Main approaches 
2 -Bar channels
3 - Entrance channels
4 - Berthing channels
5 - Inland waterways
Fig. A.4. Different Types of Dredging Operations 
(after Wilson eta!., 1996)
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A.3.2 Beach Nourishment
Beach nourishment is the placement of the dredged sediment on or near an eroding 
beach. Sediments are placed either directly onto the beach or in some cases, Just offshore of 
the beach so that natural drift processes carry the material onto the beach over a long period 
of time (Wilson et al., 1996). Beach nourishment is typically done with pipeline or hopeer 
dredges (Wilson et al., 1996). The dredged sediment usually comes from inlet, bar, and 




1 - Ocean placement
2 - Beach nourishment 
3 -Upland placement
4 - Open-water placement
5 - Within banks placement 
6 -  Benefical uses
Fig. A.5. Different Types Of Dredge Sediment Disposal 
(after Wilson et al., 1996)
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A. 3.3 Upland Placement
Upland placement isolates the dredged sediments from the environment by placing it 
in diked areas to contain the sediments (Wilson et al., 1996). Upland placement usually 
occurs by pipeline dredge but in special circumstances, dredged material is pumped or 
mechanically rehandled directly from barges or hopper dredges (Wilson et al., 1996).
A.3.4 Qpen-Water Placement
Open-water placement refers to dredged sediments being placed in near-coastal and 
inland waters that might also include capping (Wilson et al., 1996). Capping is a specially 
engineered method to contain contaminated sediments (Wilson et al., 1996). The 
contaminated dredged material is placed on a level bottom or in deep pits or bottom 
depressions and capped in precisely engineered manner to ensure that the cap stays in place 
and the contaminated material remains isolated from the environment (Wilson et al., 1996).
A.3.5 Within-Banks Placement
The within-banks placement method generally occurs on river systems where the 
sands are placed on eroded banks or downstream of the shoals along the shoreline (Wilson 
et al., 1996). Sometimes these sands are used for construction aggregate or other comercial 
purposes (Wilson et al., 1996). Material placed within banks is usually coarse-grained sand 
that has accreted into rapidly shoaling navigation channels (Wilson et al., 1996).
A.3.6 Beneficial Use of Dredoed Sediment
Placing dredged material' in areas that benefit the environment is referred to as 
“beneficial use” (Wilson et al., 1996). About 95 percent of dredged material is not 
contaminated and is a resource that can be put to productive use (Wilson et al., 1996). 
Dredged materials can be beneficially used for wetland construction, borrow pit reclaimation, 
landfill cover, construction aggregate, recreational area construction, airport construction, 
beach nourishment, and wildlife and endangered species habitat (Wilson et al., 1996). 
Construcitng wetlands is a beneficial used that has evolved into a scientific process where 
habitats can be designed for specific plants and animals, including critical habitat for
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endangered species (Wilson et al., 1996). Agriculture and industry have also welcomed the 
beneficial use concept (Wilson et al., 1996). Some disposal areas leased to farmers have 
been successfully convertd to crop and pasture lands (Wilson et al., 1996). Sites in or near 
cities have been used as industrial sites, parking lots, and airports (Wilson et al., 1996).
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Appendix B. Red Pass Geotechnical Sampling And Testing
This appendix gives the detailed sampling procedures and test results of the Red 
Pass samples collected. Red Pass samples were collected in December of 1996 and May of 
1997. Sample sites were choosen from the SARIV, SAR III, and SARII areas.
B.1 SAMPLING PROCEDURES
B.1.1 December. 1996 Sampling Procedure
Once a site was chosen, the area is cleared down to ground level by cutting the 
vegetation (Spartina aftemiflora) using a knife. Core barrels were hollow cylinders of clear 
plastic measuring 40 inches high, 3 mm thick, and having an inside diameter of 6.5 cm (2.56 
inches). One end of the core barrel was beveled to reduce friction when being driven through 
the soil. The core barrel was driven into the soil by dropping a thick-walled steel pipe with 
one end sealed. Once driven in the soil, the core samples were retrieved using a homemade 
torque wrench. Once retrieved the bottom of the core was capped, sealed, and taped. The 
core was stored vertically on a wooden stand for transport
The first coring attempt at RP-12-96-S1 indicated a compression problem. Plant 
material in the surface horizon resulted in compression of the soil during core sampling. A 
30-inch core was compressed 5 inches during the coring process at RP-12-96-S1. Due to 
these compression problems, top samples were excavated by digging a hole and carefully 
removing samples from the side of the hole RP-12-96-S1. Depths were measured before and 
after each sample was taken and are listed in Table B.1. The core barrel was used for 
sample RP-12-96-S1-3 when plant material would not interfere with the coring.
At RP-12-96-S2 and RP-12-96-S3, the soil below the vegetative horizon was found to 
be so weak that the soil would not resist being pushed aside during the coring process. 
Since cores could not be retrieved at these sites, samples were excavated using the same 
techniques as in RP-12-96-S1. At RP-12-96-S2, the bottom of the hole was warmer than the
206
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top of the hole. There was also noticeable H2S (hydrogen sulfide - ‘ rotten egg' smell) when 
retrieving the bottom samples of RP-12-96-S2 (RP-12-96-S2-5 and RP-12-96-S2-6).
At RP-12-96-S3, H2S was noticeable immediately upon digging. Additionally, buried 
plants were found throughout the hole at RP-12-96-S3 to the bottom (19 inches depth). 
These buried plants resembled whole Spartina altemiflora that were rapidly buried and 
preserved due to anaerobic conditions.
A total of fifteen (15) samples were taken from the three sites and are listed in Table
B.2. Table B.2 also lists the top and bottom sample depths. The deepest sampling depth 
was 30 inches (76 cm) at RP-12-96-S1.
Table B.1 Listing of the 15 Red Pass Sample Names, Types, and Depths
Top Bottom Bottom
Depth Depth Depth
S a m g j^ ^ ^ J ^ g ^ ^ ^ ^ J jn c h e s ^ ^ r jn c h e s l^ c m ^
I RP-12-96-S1 S1-1 Excavated 0 5.5 13.97
S1-2 Excavated 5.5 11 27.94
S1-3 Core 11 27 68.58
S I-4 Excavated 27 30 762
RP-12-96-S2 S2-1 Excavated 0 5 12.7
S2-2 Excavated 5 10 25.4
S2-3 Excavated 10 13 33.02
S2-4 Excavated 13 15 38.1
S2-5 Excavated 15 20 50.8
S2-6 Excavated 20 25 63.5
RP-12-96-S3 S3-1 Excavated 0 5 12.7
S3-2 Excavated 5 11 27.94
S3-3 Excavated 11 12 30.48
S3-4 Excavated 12 15 38.1
S3-5 Excavated 15 19 4826
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B.1.2 Mav. 1997 Sampling Procedure
The Red Pass Sites were cored again on May 26, 1997. A new coring device was 
used to retrieve samples. The coring device consisted of a double-walled metal cylinder 24 
inches long having an inside diameter of 3 inches with a specialized threading receptacle 
riveted to the top. The threaded end of the coring device is fitted with either a hollow or 
sealed fiberglass tube. The fiberglass tubes have a square cross-section which permits the 
entire core barrel to be turned using a wrench. One of the square fiberglass tubes were 
hollow and is used for pushing the core barrel into the soil. Once in place, the hollow 
fiberglass tube is replaced with the sealed fiberglass tube. The sealed fiberglass tube 
permits the retrieval of the core under slight vacuum conditions.
During the May, 1997 site visit, the entire Red Pass study’area was submerged under 
water. The specialized coring device was used to take core samples down to 24 inches at 
Sites RP-05-97-S1 and RP-05-97-S2. Samples could not be retrieved at Site RP-05-97-S3 
due to the water depth and softness of the soil. Once retrieved, the core was extruded from 
the core barrel onto a plastic core barrel that was longitudinally cut in half. After extrusion, 
core descriptions were performed. Once extruded the retrieved core was cut longitudinally in 
half using a sharp knife along the edges of the plastic core barrel. A second core was taken 
at each site and stored in the metal core barrell. Each end of the metal coring device is 
sealed using a specialized rubber elastometer device which when tightened hydraulically 
seals the core inside the core barrell.
B.2 LABORATORY TESTING
Laboratory testing was performed at Louisiana Transportation Research Center 
(LTRC) located at 1404 Gourrier Street Baton Rouge, Louisiana near the Louisiana State 
University (LSU) campus. Samples that were not immediately tested were stored in a 100% 
humidity room at LTRC. Tables B.2 through B.4 and Fig. B.1 through B.8 summarize these 
geotechnical tests.
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Table B.2. Classification Test Results for Red Pass Samples
LL PL PI w U %ctay A Chart
RP-12-96-S1-1 0243 NP LOW 0.374 LOW 0.0583 NP ML
RP-12-96-S1-2 0233 NP L O W , 0.316 LOW 0.0334 NP ML
RP-12-96-S1-3 0291 0255 0.036 0.371 3265 0.1192 0299 ML
RP-12-96-S1-4 0.328 0252 0.076 0.503 3.303 0.1009 0.754 ML
RP-12-96-S2-1 0.524 0287 0237 1.407 4.726 02310 1.026 MH
RP-12-96-S2-2 0.557 0235 0.322 1.015 2.426 02390 1.346 CH
RP-12-96-S2-3 0.651 0291 0.359 1.196 2.518 02941 1222 CH
RP-12-96-S2-4 0.564 0279 0286 1.195 3208 02400 1.190 CH
RP-12-96-S2-6* 0.750 0.589 0.161 3.382 17.376 0.1269 1267 OH
RP-12-96-S3-1 0.733 0273 0.460 1292 2217 0.1295 3.549 CH
RP-12-96-S3-2 0.588 0265 0.323 1.358 3.386 02261 1.427 CH
RP-12-96-S3-3 0.646 0.405 0241 2.904 10.368 02140 1.126 OH
RP-12-96-S3-4 0.736 0.601 0.134 3.924 24.776 0.1369 0.980 OH
RP-12-96-S3-5 0.525 0.519 0.006 3.107 418.949 0.0855 0.071 OH
'RP-12-96-S2-5 was too small for Atterberg limits 
tests
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Fig. B.1. Plasticity Chart for Red Pass Samples
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Organic Sand-200 Silt Clay Colloids
Fig. B.2. Particle Size Analysis for Red Pass Site 1










Fig. B.3. Particle Size Analysis for Red Pass Site 2















Organic Sand-200 Clay Colloids
Fig. B.4. Particle Size Analysis for Red Pass Site 3
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RP-12-96-S1-3(A)
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Fig. B.5. Composite Graph of Dial Readings versus Log Time 
for RP-12-96-S1 -3(A) for All Loadings
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Fig. B.6 . Composite Graph of Dial Readings versus Log Time 
for RP-12-96-S1-3(B) for All Loadings
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
216
Table B.3. Consolidation Test Calculations of Void Ratio and 
Coefficient of Consolidation for RP-12-96-S1-3(A)
Ring, H 0.75 in G(s) 2.7 glee R+wet 185.86
Ring, Ota 2.5 h Gam(w) 1 glee R+dry 159.54
Area 4.909 sq in W(s) 26.32
Ws/(Gs* A*16.387) 2Ho 0.12119
e+dH/Hs e(o) 5.0842
Void
2H from Void Ratio 60 c(v)
Vertical Final Dial Dial Height (2H-2Ho) (inA2/sec)
Pressure Dial Change Change 2H-2HO 2Ho t(50) 0.197HA2
(tsf) (inches) (inches) (inches) (inches) e 1(50)
0.25 0.01513 0.01513 0.73487 0.61369 5.064 73.5 0.000362
0.5 0.02274 0.02274 0.72726 0.60608 5.001 457.9 0.000057
1 0.03318 0.03318 0.71682 0.59563 4.915 369.0 0.000069
2 0.04553 0.04553 0.70447 0.58329 4.813 1185.1 0.000021
4 0.06073 0.06073 0.68927 0.56809 4.688 948.6 0.000025
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Table B.4. Consolidation Test Calculations of Void Ratio and 
Coefficient of Consolidation for RP-12-96-S1-3(B)
Ring, H 0.75 in G(s) 2.7 glee R+wet 187.73
Ring, Dia 2.5 in Gam(w) 1 g/cc R+dry 160.78
Area 4.909 sq in W(s) 26.95
Ws/(Gs* A*16.387) 2Ho 0.12409
e+dH/Hs e(o) 4.9923
Void
2Hfrom Void Ratio 60 c(v)
Vertical Final Dial Dial Height (2H-2HO) (inA2/sec)
res sure Dial Change Change 2H-2Ho 2Ho t(50) 0.197HA2
(tsf) (inches) (inches) (inches) (inches) e t(50)
02 5 0.00772 0.00772 0.74228 0.61820 4.98199 605.8 0.000045
0.5 0.01329 0.01329 0.73671 0.61262 4.93705 12.0 0.002227
1 0.02126 0.02126 0.72874 0.60465 4.87286 885.5 0.000030
2 0.03176 0.03176 0.71824 0.59416 4.78825 3677.5 0.000007
4 0.04237 0.04237 0.70763 0.58355 4.70274 1494.6 0.000017
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Fig. B.7. Field Consolidation Line for RP-12-96-S1-3(A)
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Fig. B.8 . Field Consolidation Line for RP-12-96-S1-3(B)
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Appendix C. Soil Boring Legends
The following symbols were used for core descriptions.
UNIFIED SOIL CLASSIFICATION - COARSE-GRAINED SOILS








I w i= O
5 *
CLEAN G W  
GRAVEL 
(Little or
no tines) Q 3P
GRAVEL. Well Graded, gravel-sand mixtures, little or no fines 
GRAVEL, Poorly Graded, gravel-sand mixtures, little or no fines
GRAVEL Q M  
WITH FINES 
(Appreciable
amount o f ___
fines) G C
SILTY GRAVEL, gravel-sand-silt mixtures





K  CJ u. <0
UI UJ£ > e ui
8 ?













SAND. Well Graded, gravelly-sands 
SAND. Poorly Graded, gravelly-sands 
SILTY SAND, sand-silt mixtures 
CLAYEY SAND, sand-clay mixtures
Fig. C.1. Unified Soil Classification for Coarse- Grain Soils
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UNIFIED SOIL CLASSIFICATION - FINE-GRAINED SOILS
















SILT & very fine sand, silty or clayey fine sand or 
clayey silt with slight plasticity
LEAN CLAY. Sandy Clay.
Silty Clay of low to medium plasticity
ORGANIC SILTS and organic silty clays of low plasticity
MH
CH £ 2  
OH
SILT, fine sandy or silty soil with high plasticity
FAT CLAY, inorganic clay of high plasticity
ORGANIC CLAYS of medium to high plasticity, 
organic silts
Fig. C.2. Unified Soil Classification for Fine-Grain Soils
Table C.1. Descriptive Symbols for Consistency for Cohesive Soils
Cohesion
Consistency_______(Ibs/sq.ft) Symbol




Very Stiff 2000-4000 vSt
Hard >4000 H
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Table C.2. Descriptive Letters for Core Descriptions 
































Clay strata or lenses cs
Silt strata or lenses SIS
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